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INTRODUCCIÓN 
 
La Ecología de la Conservación, y más concretamente  la Medicina de la Conservación 
abarca todos los ámbitos de interacción del medio ambiente con la fisiología, ecología y 
comportamiento de  las especies objeto de estudio. Así, podemos definir Medicina de la 
Conservación como la disciplina que trata de “estudiar la salud ecológica”, o  “la salud de 
los ecosistemas” (AGUIRRE ET AL, 2002). 
 
De esta definición se desprenden otros tres conceptos básicos.El primero de ellos 
es el de enfermedad emergente, que podríamos definir como aquella enfermedad 
infecciosa que pasa de una especie a otra que no era su hospedador típico, con la que no 
ha coevolucionado, provocando prevalencias altas de infección y signos clínicos y de 
mortalidad mucho más elevadas que las que presenta su hospedador habitual (ANTIA et 
al., 2003). Este término se aplica también a enfermedades que han variado su etiología y 
patogenia (e.g. E. coli enteropatógena), o ha pasado de un área geográfica a otra (e.g. el 
virus del Nilo occidental). El segundo concepto a definir es el de contaminante o tóxico. 
Mientras que clásicamente (“in sensu estricto”) tóxico se ha considerado a todo aquella 
sustancia química que administrada a un ser vivo produce efectos nocivos a bajas 
concentraciones, en la actualidad (“in sensu lato”) consideramos tóxico como toda 
sustancia o sus derivados que producen efectos nocivos tanto en los seres vivos como en 
su entorno, variando la composición o la salud de los ecosistemas, dando cabida de esta 
manera a fármacos o sustancias hormonales que están desarrollando patologías mucho 
más graves y a menor plazo que los clásicos disruptores hormonales. 
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De ahí que autores como CUNNIGHAN, DASZAK y RODRIGUEZ  2003 
consideren a los patógenos, a los  tóxicos y a los contaminantes como “pathogen 
pollution”, el tercer término a definir como todas aquellas causas de patologías 
(infecciosas o no) producto de la acción humana directa o indirecta. Esta polución por 
patógenos se produce especialmente como resultado de acciones ganaderas o agrícolas. 
 
Existen dos razones fundamentales por las que las enfermedades emergentes son 
uno de los problemas más importantes en la sanidad veterinaria. Una es el cambio 
drástico que están sufriendo los sistemas de producción intensiva, que hacen posible la 
presencia de grandes lotes de diferentes especies animales en diferentes lugares para su 
cría, engorde, producción, sacrificio y consumo, como sucede con los lechones o los 
pollos de engorde. Por ejemplo, muchos lechones son criados en Holanda, se engordan en 
España y se exportan a Dinamarca para su sacrificio y consumo. La segunda razón está 
implícita en la primera, ya que este trasiego de animales por diferentes países provoca una 
diseminación global de los patógenos, permitiendo que cepas muy diferentes de un mismo 
patógeno puedan concurrir en un mismo brote, o bien que enfermedades no existentes en 
un país o área geográfica puedan aparecer allí en un determinado momento. 
 
Además, cada vez mas las granjas se sitúan en las cercanías de espacios naturales 
bien conservados, lo que conlleva el acercamiento de los patógenos a las especies de 
fauna salvaje, mucho más susceptibles a ellos debido a la ausencia de contacto previo 
(ANTIA et al., 2003). De hecho, un agente infeccioso puede ser  tanto más agresivo con 
su hospedador cuanto menor es el tiempo evolutivo que ha estado en contacto con el 
(CLAYTON & MOORE, 1997; DYBDAHL & LIVELY, 1998; CARIUS et al., 2007). 
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Así, encontramos enfermedades emergentes en aves salvajes producidas por cepas 
atípicas o serotipos de las bacterias Salmonella spp. y E. coli enterotoxigénica, causante 
de la colibacilosis en milanos reales, Milvus milvus, buitres negros, Aegypius monachus, 
alimoches Neophron percnopterus y quebrantahuesos Gypaetus barbatus (BLANCO et 
al., 2006; BLANCO et al., 2007 a, b; LEMUS et al., 2008; AUTORES, datos inéditos). 
Pero quizá las enfermedades emergentes que mayor trascendencia pueden tener debido al 
desconocimiento que poseemos sobre su efecto en las aves salvajes, son los virus de 
especies avícolas.  Aunque  éstos no se han descrito como patógenos primarios en aves 
salvajes hasta el momento, brotes muy recientes en diversas especies de aves carroñeras 
indican su elevada prevalencia, patogenicidad y mortalidad asociada (datos inéditos). Así, 
entre los virus asociados a brotes patogénicos se encuentra el virus de la bursitis 
infecciosa o enfermedad de Gumboro en alimoche, la enfermedad de Marek en todas las 
especies, la anemia infecciosa del pollo en buitres negros, así como diversas cepas de 
paramixovirus (enfermedad de Newcastle), con cepas velogénicas y similares con cepas 
mesogénicas de menor virulencia (datos inéditos).  
 
1. Residuos de fármacos 
 
El impacto negativo de los productos tóxicos y contaminantes es uno de los principales 
problemas de conservación de la fauna salvaje en todo el mundo, por sus implicaciones en 
la fisiología y comportamiento de los individuos. En España, desde los años 40 hasta la 
actualidad, el envenenamiento intencionado de las aves depredadoras y carroñeras es uno 
de los principales problemas de conservación de estas especies (DONÁZAR, 1993; 
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DONÁZAR et al., 2002; BLANCO & MONTOYA, 2004; CARRETE et al., 2007). Pero 
no solo estos venenos son compuestos letales para las aves carroñeras. Tras el colapso de 
las poblaciones de aves carroñeras del sudeste asiático (OAKS et al., 2004; SWAN et al., 
2006) resulta patente que otros compuestos usados para el tratamiento y engorde de 
ganado, fundamentalmente en condiciones de manejo intensivo, pueden tener efectos 
catastróficos sobre la viabilidad de las poblaciones de aves carroñeras, siendo este el 
punto de partida de la primera parte de esta tesis. 
 
Desde que a principios de los años 50 se comenzó a medicar a los animales de 
granja, los modelos de producción cambiaron de forma radical, promoviéndose el uso 
rutinario de antibióticos en pequeñas proporciones para incrementar el engorde de cerdos, 
pollos y terneras. El uso de antibióticos como las penicilinas, tetraciclinas y sulfamidas se 
convirtieron de la noche a la mañana en un método fácil y barato para conseguir un 
engorde mucho más rápido de las reses. Por ejemplo, a finales de los años setenta, el 70% 
de las reses de vacuno, el 90% de los cerdos y el 100% de los pollos de engorde en EEUU 
consumían antibióticos en su dieta como promotores de crecimiento y en diversos 
tratamientos. Datos como estos se pueden extrapolar a España desde hace una década y 
hasta la actualidad. Pero es con el auge de las quinolonas, un grupo de antibióticos 
sintetizados en la década de los ochenta, cuando el tratamiento de las reses estabuladas en 
régimen intensivo sufrió una transformación absoluta, usándose a partir de entonces en 
tratamientos preventivos y curativos para casi todo tipo de problemas veterinarios. Las 
fluoroquinolonas son hoy en día el tratamiento de elección para casi todas las patologías 
en animales de abasto, utilizándose de forma masiva e indiscriminada (LEVY, 2002; 
BRÜGGER, 2007; HUGHES et al., 2008). Otros fármacos como el dietil-estilbesterol 
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(prohibido en la actualidad por sus efectos carcinogénicos), que mejora el margen de 
ganancia de  las reses en engorde, o finalizadores de engorde como el tiouracilo o el 
famoso clembuterol (éste último prohibido en la Unión Europea) se han utilizado de 
forma rutinaria. Los AINES, a los que pertenece el tristemente célebre diclofenaco, 
causante de la catástrofica rarefacción de los buitres en el subcontinente indio, son otros 
de los fármacos cuyo uso es habitual y posiblemente desproporcionado en ganadería, 
especialmente en ganado porcino, debido a las elevadas tasas de estrés derivadas de las 
condiciones de hacinamiento y reclusión. Estas condiciones hacen disminuir las tasas de 
engorde por lo que los AINES se utilizan de forma habitual para eliminar el estrés o la 
fiebre producidos por las condiciones de producción. Productos como el flumixin 
meglumine, potencialmente nefrotóxico para las aves, el paracetamol o el ácido 
acetilsalicílico se utilizan habitualmente en producción, así como el  ketoprofeno o, 
últimamente, el meloxicam y el carprofeno. Por último, los antiparasitarios también son 
usados de forma intensiva en ganadería. Los bencimidazoles y las avermectinas son los 
grupos de compuestos más utilizados, y también pueden presentar problemas en las aves. 
Los imidazoles son altamente tóxicos para el hígado y la médula ósea, mientras que las 
avermectinas son potencialmente contaminantes debido a su elevada estabilidad en el 
medio ambiente, y se consideran muy tóxicas para los peces e invertebrados 
(MCKELLAR, 1997; EDWARDS et al., 2001; KREUZIG et al., 2007). 
 
La utilización intensiva y en ocasiones indiscriminada y errónea de los antibióticos 
y antimicrobianos (desde ahora mencionados genéricamente como antibióticos) es la 
principal causa de la creación de resistencias bacterianas a tales fármacos, lo que 
representa uno de los principales problemas de salud pública a los que se enfrenta la 
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medicina actual en todo el mundo (BAQUERO & BLAZQUEZ, 1997; LEVY, 2002; 
O’BRIEN, 2002; MØLBAK, 2004). Las prácticas ganaderas que abusan de los 
antibióticos han contribuido de forma esencial a este problema (ANGULO et al., 2000; 
AARESTRUP et al., 2005), que también se ve reflejado en la flora bacteriana de las aves 
carroñeras y otras especies, convertidas así en reservorios y vehículos para la dispersión 
de las bacterias resistentes (BLANCO et al., 2007a,b; DOLEJSKA et al., 2007; 
LITERÁK et al., 2007), muchas de las cuales son patógenos responsables de múltiples 
zoonosis (DASZAK et al., 2000; DOBSON & FOUFOPOULOS, 2001; SWARTZ, 
2002).  Por otra parte, las fluoroquinolonas y otros fármacos son muy estables, y se 
acumulan en los acuíferos (SARMAH et al., 2006; SUKUL & SPITELLER, 2007), 
causando disbiosis en los medios acuáticos y en los animales directa o indirectamente 
“tratados”, especialmente en el tracto respiratorio y gastrointestinal (WHO, 1998, 
BLANCO et al., 2006, 2007a,b; LEMUS et al., 2008). Los antiinflamatorios también 
presentan numerosos problemas en los medios terrestres y acuáticos, provocando 
problemas muy diversos en invertebrados y vertebrados inferiores, al igual que las 
hormonas. Por último, las avermectinas provocan la muerte de una buena parte de los 
invertebrados coprófagos presentes en las heces de los animales tratados con estos 
compuestos, lo que representa un grave problema de conservación, específicamente para 
la fauna coprófaga y para otras especies que se alimentan de ella (MCCRAKEN, 1993; 
LUMARET & ERROUISSI, 2002) con implicaciones más generales sobre la salud de los 
ecosistemas (DAUGHTON & TEMES, 1999; EDWARDS et al., 2001; YOSHIMURA & 
ENDOH, 2005; KREUZIG et al., 2007).  
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Varios factores pueden determinar un riesgo variable de ingestión de fármacos por 
las aves carroñeras. En primer lugar, el riesgo de ingestión de fármacos puede depender 
de las prácticas ganaderas predominantes, en concreto de las especies de ganado y los 
tratamientos de medicación (DONÁZAR et al., 1997; BLANCO et al., 2007a, b). 
Segundo, la ingestión de fármacos puede depender de la disponibilidad y abundancia de 
cadáveres de ganado sujeto a diferentes tratamientos veterinarios lo que, a su vez, 
depende de las prácticas de eliminación de los cadáveres. Por lo tanto, las especies 
ganaderas, la abundancia y la disponibilidad de carroña, así como su contenido de 
fármacos pueden estar estrechamente relacionadas, sobre todo teniendo en cuenta las 
diferencias fundamentales entre las prácticas ganaderas y de eliminación de los cadáveres 
de ganado extensivo e intensivo en régimen estabulado (DONÁZAR et al., 1997; 
BLANCO et al., 2006, 2007a, b; LEMUS et al., 2008).  
 
El ganado estabulado criado en condiciones intensivas y la ganadería extensiva 
pueden tener influencias diferentes sobre la composición, la disponibilidad y la 
distribución espacio-temporal de alimento para las aves carroñeras y, por lo tanto, sus 
implicaciones sobre la dinámica poblacional y conservación de las poblaciones pueden 
ser muy diferentes. Tradicionalmente, la ganadería extensiva de ovino, vacuno y caprino 
en el Mediterráneo, ha proporcionado carroña espacial y temporalmente impredecible y 
dispersa distribuida en unidades discretas constituidas por los cadáveres individuales de 
las reses localizados en el lugar de su muerte (DONÁZAR, 1993; DONÁZAR et al., 
1997). Por el contrario, la ganadería estabulada puede representar una fuente de alimento 
predecible, concentrado y superabundante, cuando sus cadáveres son dispuestos en 
muladares y vertederos localizados cerca de las explotaciones ganaderas o en comederos 
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específicos para las aves carroñeras (DONÁZAR, 1993; DONÁZAR et al., 1997; 
BLANCO et al., 2007a; CORTÉS-AVIZANDA et al., 2009). La intensificación en la 
producción ganadera en condiciones estabuladas ha venido acompañada por un aumento 
del empleo de fármacos para mitigar el impacto creciente de enfermedades, y en 
tratamientos profilácticos, en condiciones de elevada producción, incluyendo una alta 
densidad y crecimiento rápido (LEMUS & BLANCO, 2009). El ganado mantenido en 
régimen extensivo es comparativamente mucho menos medicado que el estabulado criado 
de forma intensiva debido al menor riesgo de infección y enfermedad en condiciones de 
cría al aire libre en densidades menores (STEINFELD et al., 2006), y debido a que los 
altos costes de estos tratamientos veterinarios no compensan el reducido rendimiento 
económico de estas prácticas, sobre todo en el caso de la ganadería de ovino y caprino 
(DONÁZAR et al., 1997; STEINFELD et al., 2006). 
 
2. Polución por patógenos 
 
El papel de los patógenos como factor de mortalidad en las poblaciones de animales 
salvajes y, por tanto, como elemento modulador de su abundancia, demografía y dinámica 
poblacional es un tema recurrente en los estudios de ecología de poblaciones (CLAYTON 
& MOORE, 1997; DOBSON & FOUFOPOULOS, 2001 CLEAVELAND et al., 2002). 
Durante las últimas décadas, este papel ha cobrado un gran interés debido a la aparición 
de enfermedades nuevas,  de nuevas variantes de éstas, o de enfermedades conocidas pero 
con efectos desconocidos, que pueden causar importantes mortandades, y que se conocen 
como enfermedades emergentes o re-emergentes (DASZAK et al., 2000; ANTIA et al., 
2003). Muchas de estas enfermedades han sido asociadas a las actividades humanas, 
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como la ganadería o la contaminación y sus efectos sobre el cambio climático (DASZAK 
et al., 2000; ANTIA et al., 2003;  de LA ROQUE et al., 2008). La dispersión 
generalizada de muchas de estas nuevas enfermedades ha sido favorecida por la 
globalización en el transporte de productos de consumo humano por todo el planeta 
(SOUTHERN et al., 2006; DOYLE & ERICKSON, 2006) y por el contacto entre estos 
productos y la fauna salvaje, que ha pasado así a ser reservorio y dispersante de muchos 
patógenos que pueden afectar negativamente la salud de sus poblaciones y de la población 
humana (HUBALEK, 2004; WEBER & STILIANAKIS, 2008).  
 
Las aves  rapaces, tanto depredadoras como carroñeras no han sido ajenas a estos 
procesos, en especial debido a las consecuencias de su  interacción con las actividades 
ganaderas, de las que obtienen la mayoría de su alimento en gran parte de sus áreas de 
distribución mundial. Así, el aprovechamiento de restos cárnicos procedentes de la 
ganadería por estas aves les hace susceptibles de adquirir patógenos oportunistas o 
específicos de las distintas especies ganaderas, especialmente de aves de corral debido a 
la mayor facilidad de transmisión de patógenos entre distintas especies de aves. Además, 
las aves carroñeras ingieren todos los fármacos que contienen los cadáveres del ganado 
que consumen, con consecuencias sobre su salud y dinámica poblacional (OAKS et al., 
2004; BLANCO et al., 2009), desarrollando también resistencia a estos fármacos en 
patógenos oportunistas adquiridos del ganado, pero también en su propia flora bacteriana 
(BLANCO et al., 2007 a, b).  La forma en que estas aves obtienen gran parte de su 
alimento puede también tener gran importancia en su salud y en su papel como reservorio 
y dispersantes de patógenos. En especial, las formas de gestión de los residuos de ganado 
implementadas para eliminarlos con o sin la participación activa de las aves carroñeras 
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pueden también ejercer un papel crucial en su salud, especialmente cuando estos restos se 
disponen para el consumo de las aves sin ningún control toxicológico o de patógenos 
previo, o cuando se acumulan grandes cantidades de sus restos en descomposición. 
 
En el caso de las aves depredadoras sus zonas de nidificación o de campeo se 
encuentran a menudo en las cercanías de explotaciones ganaderas, y así entran en 
contacto con sus patógenos, o bien al ingerir presas que se nutren con los residuos 
ganaderos, como heces o restos de los partos. 
 
En esta segunda parte vamos a centrar nuestra atención en los riesgos sanitarios, y 
sus efectos sobre las aves estudiadas, de la ganadería, tanto extensiva como intensiva, así 
como de los riesgos del  aprovechamiento de cadáveres en puntos concretos de vertido 
(muladares). 
 
a. Patrones de patógenos presentes en los distintos tipos de ganadería  
 
Cada especie o grupo de especies de ganado presenta un patrón de patógenos distinguible, 
especialmente en el caso de ganado mantenido en condiciones de explotación intensiva o 
extensiva (MOHIUDDIN, 2007).  
 
En general, los animales en condiciones de extensivo presentan un menor número 
de patógenos específicos, más patógenos ambientales y generalistas y bajas prevalencias. 
Al contrario, el ganado en condiciones de intensivo presentan patógenos específicos que 
con frecuencia producen brotes epidémicos que causan morbilidad y mortalidad alta.  
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 En el caso de las especies de rumiantes en extensivo, los problemas más 
frecuentes están asociados a parasitosis por vermes, especialmente en sistemas de 
explotación que se desarrollan en zonas de prados húmedos, y no a enfermedades 
infecciosas, con las excepciones de la brucelosis (Brucella spp), causante de abortos, la 
fiebre aftosa y la tuberculosis, todas ellas enfermedades consuntivas (enfermedades de 
curso muy largo que provocan el deterioro paulatino y constante de la condición física y 
el sistema inmune de su hospedador) y que están sujetas a campañas de saneamiento para 
su eliminación del ciclo productivo. De éstas, tan solo la tuberculosis (causada por 
bacterias de género Mycobacterium), puede ser considerada como una enfermedad 
transmisible a las aves carroñeras (OIE, 2002). Los efectos de estos patógenos sobre la 
salud de las aves rapaces pueden ser muy graves. Un reciente brote de tuberculosis, 
causada por Mycobacterium bovis y Mycobacterium avium del serotipo VII en las 
poblaciones de buitre leonado del norte de Segovia y sur de Burgos, está causando una 
mortalidad importante en juveniles y pollos del año (datos inéditos). Estudios realizados 
en otras especies de aves rapaces o de otros órdenes sugieren efectos similares. Así se han 
encontrado casos en milano negro Milvus migrans, asociados a la presencia de tóxicos de 
origen industrial o antibióticos (datos inéditos), o en concurrencia con otras infecciones, o 
bien el caso reflejado en el capítulo 8 de esta tesis con la Chlaydophila abortus en las 
poblaciones de cernícalo extremeñas. 
 
En comparación, los terneros criados de forma intensiva  a base de piensos  
pueden transmitir clostridios (Clostridium sp.) a especies carroñeras, así como E coli, 
causantes de problemas diarreicos por enteritis y enterotoxemias, además de las 
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enfermedades infecciosas arriba mencionadas. Ambos patógenos son transmisibles a aves 
carroñeras, causando los problemas digestivos antes reseñados. Sin embargo, mientras 
que Clostridium spp. parece ser eliminado en el aparato digestivo, E coli enteropatógena 
es uno de los patógenos emergentes más prevalentes y perniciosos en aves salvajes. 
 
 Mención aparte merece la encefalopatía espongifome bovina, causante de la 
prohibición del depósito de cadáveres rumiantes para su consumo por las aves carroñeras 
en los muladares. A pesar de causar esta  prohibición, se ha demostrado mediante intentos 
de inoculación la imposibilidad de transmisión a las aves (HILL et al., 2000). 
 
El caso de los ovinos y caprinos en extensivo es muy semejante al del bovino, 
siendo los patógenos transmisibles los mismos que en el caso anterior. El riesgo de 
transmisión de patógenos a las aves a través de los cadáveres de équidos, por su parte, es 
muy semejantes en su conjunto a los rumiantes en extensivo. Además, este tipo de 
cadáveres se presenta en la actualidad muy poco representado en los muladares (datos 
inéditos). Presentan como únicos patógenos transmisibles los clostridios y el virus del 
Nilo occidental, a los que son muy susceptibles. Este virus  es uno de los patógenos que 
más se está investigando en los últimos años, aunque los estudios realizados en aves 
salvajes son todavía escasos. Datos recientes indican una alta prevalencia del virus o 
anticuerpos frente a él en la mayor parte de las especies estudiadas, lo que podría sugerir 
una coevolución de este patógeno con sus hospedadores en Europa y África, siendo 
vehiculado por las aves migradoras (MALKINSON et al., 2001; HUBALEK, 2000, 
2004). En las aves carroñeras, si bien no se han observados cuadros clínicos que cursan 
con encefalitis y síntomas nerviosos, estudios previos muestran una alta prevalencia en 
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alimoches y buitres negros (datos inéditos). No obstante, estos hallazgos no impiden que 
se puedan observar casos clínicos en rapaces españolas, como en el caso del águila 
imperial, Aquila adalberti) (HOFFLE et al., 2008). 
 
A excepción de las perdices de granja, el ganado cinegético tampoco supone un 
gran riesgo para la transmisión  de patógenos a las aves carroñeras. Dado que básicamente 
son rumiantes en extensivo, padecen sus mismas enfermedades, y como hemos visto 
anteriormente la única enfermedad transmisible de importancia es la tuberculosis, por lo 
que las rapaces depredadoras tienen mucho menor riesgo de padecer  enfermedades 
transmitidas por el ganado, al menos en principio. 
 
Los conejos de campo Oryctolagus cuniculus, presentan como único patógeno 
transmisible la bacteria responsable de la tularemia (Francisella tularense), pero la 
prevalencia es muy baja y, a pesar de poder ser transmisible a aves carroñeras, su efecto 
en las poblaciones sería muy puntual. Los conejos de explotaciones industriales, que por 
otra parte están vacunados contra la enfermedad hemorrágica del conejo (o neumonía 
hemorrágica vírica) y la mixomatosis, pueden transmitir un número de patógenos muy 
superior. Por ejemplo, presentan con frecuencia disbiosis y enterotoxemias por 
Clostridium spp y E. coli (colibacilosis), así como neumonías purulentas por Pasterella 
spp (en especial multocida), que pueden provocar mortalidad en las aves carroñeras, 
especialmente en pollos de corta edad, a los que causarían estos mismos cuadros clínicos. 
Hay que destacar que las prevalencias de los patógenos son nulas en los conejos de 
campo, que  son la base de la alimentación natural de estas especies. La cría industrial de 
conejos favorece el desarrollo de estas enfermedades a la vez que limitan su desarrollo 
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inmune y posibilitan su paso a las especies que se alimentan de ellos. Por otro lado, el 
aporte continuo de conejos en ciertos muladares ha incrementado la prevalencia de 
enteropatógenos en las especies que los consumen, si bien esto no implica el desarrollo de 
las diferentes enfermedades (datos inéditos). 
 
En el caso de los suidos, las bacterias de las cuales son reservorio habitual son 
Salmonella spp. - serotipos typhimurium,  enteritidis, dublin, y cholerasuis (KINGSLEY 
& BAUMLER, 2002), E. coli, Campylobacter spp., Pseudomonas spp, y erisipelas 
(Erysipelothrix rhussiopathiae), todas ellas bacterias enteropatógenas, así como 
Pasterella multocida. Los efectos de estos patógenos en carroñeras no son, por lo general, 
reseñables como brotes epidémicos, sino como infecciones puntuales que pueden ser 
destacables al afectar a individuos de especies o poblaciones muy amenazadas, como el 
alimoche canario Neophron percnopterus majorensis y el quebrantahuesos (datos 
inéditos). Entre los hongos, el patógeno más prevalente transmisible y asociado a suidos 
es Candida albicans (datos inéditos), que en ocasiones ha afectado al 50% de los pollos  
de buitre negro y leonado muestreados en España central (LEMUS et al., 2008; BLANCO 
et al., 2009; LEMUS et al., 2009), siendo muy poco prevalente en las rapaces 
depredadoras, causando inflamación de esófago y  buche, con presencia de lesiones 
necróticas. Estas lesiones, por sí mismas no suponen un riesgo para la supervivencia del 
individuo afectado, pero provocan dolor intenso al tragar el alimento y especialmente el 
predigerido por los padres, con pH muy ácido, por lo que muchos de los pollos afectados 
están severamente desnutridos. 
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Los patógenos de especies avícolas transmisibles a las aves salvajes han sido muy 
poco estudiados en el pasado, pero existe un número creciente de especies de aves 
salvajes en las que se están encontrando (LINDH et al., 2008). Por lo tanto, es posible que 
la práctica totalidad de los patógenos de aves de corral puedan ser transmisibles en algún 
momento a especies de aves salvajes, debido a su falta de especificidad. En el caso de las 
aves carroñeras se han encontrado serotipos de Salmonella spp típicos de especies 
avícolas (gallinarum, pullorum, enteritidis) (BLANCO et al., 2006, 2007)  Escherichia 
coli, causante de la colibacilosis, Campylobacter spp. y  Pseudomonas spp., todas ellas 
bacterias enteropatógenas, así como Pasterella multocida, y Bordetella bronchyseptica, 
causantes de neumonías. Además, las especies de bacterias transmisibles a aves 
carroñeras son muy similares entre suidos y especies avícolas, si bien varían serotipos y 
patotipos. Otro de los patógenos trasmitido por especies avícolas es Mycoplasma spp., en 
especial las especies  synoviae y gallysepticum, que  se han aislado en  un número elevado 
de pollos de buitre negro, causando problemas articulares y respiratorios, respectivamente 
(datos inéditos). 
 
De entre los virus de especies avícolas, las enfermedades de Marek, Gumboro y 
anemia infecciosa del pollo, que causan depleción del sistema inmune, son los más 
prevalentes en los estudios preeliminares realizados, si bien se han encontrado algunos 
casos de laringotraqueitis y de bronquitis infecciosa del pollo (datos inéditos), 
presentando los individuos afectados problemas respiratorios, en ocasiones asociados a 
Aspergillus fumigatus. Así mismo, se han aislado de forma puntual y en todas las 
especies, cepas velogénicas (serotipo 1 -enfermedad de Newcastle-), y mesogénicas de 
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paramixovirus, causantes de problemas neurológicos graves, o incluso la muerte de los 
individuos afectados.  
 
Otros virus, como el de la difteroviruela o viruela aviar –poxvirus-, se presentan 
cada vez con mayor prevalencia en aves rapaces. Este patógeno oportunista presenta 
cepas de diferente patogenicidad, existiendo en los últimos años cepas que provocan 
reacciones inflamatorias de gran volumen que se ulceran e infectan en muchos casos con 
bacterias oportunistas, como coliformes o estafilococos. 
 
Para finalizar, debemos de destacar la alta prevalencia de Chlamydophila psittaci 
en aves rapaces, tanto carroñeras como depredadoras. Esta bacteria atípica, aunque no 
está considerada como un patógeno asociado a la producción avícola, es un patógeno 
típico de aves y una de las enfermedades emergentes más prevalente en las especies 
estudiadas. Este patógeno está asociado a fracaso reproductor en los milanos negro y real  
y en quebrantahuesos (datos inéditos), pudiendo ser el responsable de muchos de los 
fracasos repetidos de ciertas parejas aparentemente estériles, además del brote descrito en 
el capítulo 8.. 
 
Los efectos de los patógenos de avicultura en aves salvajes pueden ser muy 
graves, como ya se ha comprobado en anátidas (LINDH et al., 2008), palomas (TORO et 
al., 2005), aves migratorias (REED et al., 2003) o, como es bien conocido, en el sudeste 
asiático con la influenza aviar (SLOMKA et al., 2007). El problema podría ser muy 
parecido al de la crisis de las “vacas locas” del año 2001, en el que se daba de comer 
restos de ganado a vacas y ovejas. En el caso de las aves carroñeras que consumen 
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cadáveres de aves de corral se trata de aves comidas por aves, cuyas consecuencias sobre 
la transmisión de patógenos debería tenerse en cuenta a la hora de establecerse posibles 
medidas de manejo de los residuos ganaderos para la alimentación de las aves carroñeras 
y depredadoras.  
 
Como resumen, podemos decir que todos los virus de avicultura y las bacterias 
patógenas para los suidos y las aves de corral pueden ser transmisibles a las aves rapaces. 
En cambio, ningún virus (si exceptuamos el virus del Nilo occidental), y menos de un 
20% de las bacterias de las especies de abasto en régimen extensivo son patógenas 
también para las aves carroñeras. En cuanto a los hongos, tan solo Candida albicans, 
presente en los suidos, parece ser un patógeno claramente transmisible a las aves 
carroñeras. Hay que destacar también que la totalidad de bacterias saprofíticas y 
patógenas presentes en los muladares pueden ser patógenas en las aves carroñeras, y que 
las rapaces que crian en medios antrópogenos o en las cercanías de explotaciones 
ganaderas tienen muchas más posibilidades de sufrir infecciones asociadas al ganado 
colindante. 
 
b. Factores que contribuyen a la transmisión cruzada de patógenos del ganado 
doméstico a las rapaces en su entorno natural. 
 
Las características de situación  manejo y diseño de los muladares producen en muchos 
casos el hacinamiento de las aves carroñeras, especialmente buitres, durante largos 
periodos de tiempo, lo que se puede considerar un factor de riesgo. Un solo buitre 
infectado puede provocar la propagación de un patógeno por múltiples vías al coincidir 
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gran cantidad de individuos al mismo tiempo sobre las carroñas. Además, los cadáveres 
suelen concentrarse en muy poco terreno, en vez de estar esparcidos por todo el muladar. 
Incluso se llegan a disponer unos cadáveres encima de otros, lo que hace posible un 
contagio pasivo de patógenos entre cadáveres por medio de sus secreciones o lixiviados. 
Por otra parte, las formas de resistencia de los microorganismos pueden permanecer en el 
medio ambiente durante mucho tiempo, pudiendo infectar directamente a los individuos 
por ingestión, por medio de aerosoles, o indirectamente al quedar adheridos a los 
cadáveres.  
La acumulación de  restos consumidos o en descomposición, además de la propia 
insalubridad del entorno, produce la proliferación de enterobacterias y bacterias de la 
putrefacción, como Serratia liquifaciens,  Klebsiella oxytoca, o Staphilococcus spp. Estas 
acumulaciones pueden también servir como reservorio de las formas de resistencia de 
otras especies patógenas primarias como los Clostridium spp (Clostridium  perfringens, 
botulinum,  putrifaciens) o de la ubicua Escherichia coli enterotoxigénica, causante de la 
colibacilosis, o E. coli de las variantes ABR patógenos comunes  en las explotaciones 
intensivas de porcino (MACKEY & DERRICK, 1979) y que se transmiten a los 
cadáveres, incluso en matadero (RUSSELL, 1998;  NOU et al., 2003; CASON et al., 
1997). Esta falta de salubridad, que podríamos denominar  ‘entorno patogénico’, es uno 
de los problemas más desconocidos derivados del uso de muladares por las aves 
carroñeras, y puede ser causante de gran parte de los brotes de mortalidad de los pollos en 
sus nidos, sobre todo en las especies más gregarias en sus hábitos de nidificación y 
alimentación. Una vía de transmisión que no hemos tenido en cuenta es la transmisión de 
patógenos y bacterias a través de aerosoles en los muladares. Esta vía de transmisión 
debería ser tenida en cuenta en estudios posteriores, ya que en muchos casos las plumas 
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se han descrito como vehiculadores y reservorios de patógenos, incluidos virus 
(DAVIDSON et al., 2008). 
 
Por último, los efectos de las pésimas condiciones higiénicas de los muladares 
sobre la salud humana en general, y la de los ganaderos que acceden a ellos en particular, 
debería abordarse con urgencia, ya que muchos de los patógenos presentes en las carroñas 
causan zoonosis, es decir, pueden ser transmitidos al hombre. Debido a que los aportes a 
los muladares no pasan, por lo general, por los cauces generales de inspección veterinaria 
de los mataderos, el riesgo ante una posible infección accidental es elevado. 
 
La presencia de especies ajenas al destino de los muladares (ratas principalmente), 
y pequeños córvidos hacen mucho más posible la transmisión de patógenos, 
especialmente bacterias como Mycobacterium spp. Es bien conocida la alta 
susceptibilidad de los córvidos y de las ratas a las micobacterias (HUBALEK, 2004; 
DELAHAY et al., 2002), además de ser transmisores y propagadores de los patógenos 
existentes (especialmente virus), así como de otros patógenos que no se encuentran 
habitualmente en los muladares (OTSFELD & KEESING, 2000). 
 
En el caso de las rapaces depredadoras, como ya hemos mencionado 
anteriormente el hecho de criar sobre los establos del ganado debido a la dificultad de 
encontrar un lugar adecuado de nidificación, así como la aglomeraciñon o la colonialidad 
de algunas especies hacen que las infecciones existentes en los establos y corrales pueden 
ser transmitidas de manera fácil a las aves nidificantes. Por otra parte, las malas 
condiciones higiénicas de estas construcciones suponen el caldo de cultivo ideal para el 
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desarrollo y acumulación de estas infecciones, que pueden permanecer en estado latente 
largos períodos de tiempo. 
 
La ingestión de presas necrófagas o que se alimentan en los prados o en los 
establos y corrales puede ser otro de los mecanismos de contagio de patógenos desde las 
especies ganaderas hasta las rapaces depredadoras. 
 
c. El ganado doméstico como reservorio de patógenos para la fauna salvaje. 
 
La concentración espacial y temporal de aves carroñeras y cadáveres de ganado que se 
produce en los muladares, así como la pésima gestión de los mismos, sugiere que estos 
lugares pueden actuar como reservorios de patógenos o “trampas de infección” (sensu 
BLANCO et al., 2007b). En primer lugar, los restos de ganado porcino y aves de corral 
presentes en los muladares son portadores de patógenos bacterianos que pueden afectar a 
las aves carroñeras, y que pueden permanecer en los muladares incluso en períodos de 
ausencia de restos aprovechables por las aves. Así, podemos encontrar  Campylobacter 
spp,  Salmonella spp, Erysipelothrix rhussiopathiae o  Clostridium spp., que pueden 
considerarse como “flora del muladar” debido a su resistencia en el medio ambiente, tanto 
por  su persistencia en materia orgánica o en aguas estancadas como por sus esporos de 
resistencia. Por otra parte, podemos encontrar diversos virus procedentes de las especies 
de producción avícola como consecuencia de la elevada prevalencia y concentración de 
éstos y otros patógenos en las aves muertas depositadas en los muladares. En segundo 
lugar, la concentración y abundancia de cadáveres en descomposición en los muladares 
puede ser un caldo de cultivo para bacterias saprofíticas y oportunistas que pueden 
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comportarse como patógenas en determinadas circunstancias. Estas bacterias presentan 
además elevadas resistencia a antibióticos y otras fármacos administradas al ganado 
(BLANCO et al., 2007a,b; datos inéditos) que pueden extenderse fuera de los límites de 
los muladares y afectar a comunidades enteras, así como contaminar acuíferos y suelos 
(SARMAH et al., 2006). El aumento de las resistencias a antibióticos es uno de los 
problemas más graves a los que se enfrenta la medicina humana y veterinaria (FDA 
ANTIMICROBIAL RESISTANCE & DRUG DEVELOPMENT WORKING GROUP, 
2004), causando hoy en día tantos o más problemas que la aparición de nuevos patógenos. 
Por último, el incremento en el uso de vertederos de basuras a cielo abierto por las aves 
carroñeras puede aumentar este problema al incorporarse bacterias resistentes a 
antibióticos usados en medicina humana (BLANCO et al., 2007b). La gestión de 
muladares adecuados desde el punto de vista sanitario debería considerar la prohibición 
de depositar cadáveres de ganado criado en condiciones intensivas, el control y 
eliminación de los restos consumidos o no por las aves y una adecuada disposición de los 
cadáveres, evitando su acumulación y depósito cerca de puntos de agua o charcos, que 
podrían actuar como lugares de acumulación y proliferación de enterobacterias. 
 
En el caso de las rapaces depredadoras, y como ya hemos indicado anterirmente, 
el contagio que se produce no es directo, sino a través de los residuos que estas producen, 
por lo que la problemática de transmisión no es en principio tan evidente, aunque como 
demostraremos a continuación existe y puede llegar a ser preocupante en ciertas especies 
amenazadas y de poblacioes fragmentadas. 
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Con la información disponible podemos concluir diciendo que los cadáveres de 
ganado extensivo son un material mucho más adecuado para las aves carroñeras, tanto por 
su baja carga de patógenos y resistencias a antibióticos como por su distribución dispersa 
e impredecible en el medio natural. El uso de cadáveres provenientes de la ganadería 
intensiva, especialmente restos de porcino y aves de corral, puede considerarse una 
medida de manejo contraproducente para la conservación de las aves carroñeras, debido a 
su elevada carga de microorganismos patógenos y a la alta probabilidad de transmisión a 
las aves carroñeras en comparación con la ganadería intensiva. Por lo tanto, el uso de 
carroñas de ganado extensivo dispuestas en el campo debería priorizarse en programas de 
gestión y conservación de aves carroñeras como medida de manejo sin riesgo para la 
salud de las aves y el medio ambiente en general.  
 
En el caso de las rapaces depredadoras la mala gestión de los residuos en los 
establos y la falta de vacunaciones adecuadas y de un control adecuado de la cabaña 
ganadera, especialmente en extensivo, son los problemas más importantes que afectan a 
estas especies. Con la mejora de la gestión de residuos y una profiaxis correcta los 
problemas sanitarios interespecíficos podrían solucionarse con facilidad 
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Objetivo general 
  
En esta tesis pretendemos realizar una evaluación de algunos de los problemas 
sanitarios  existentes en aves rapaces en libertad, prestando especial atención a 1) los 
patógenos emergentes en las poblaciones de los dos modelos de aves salvajes 
estudiados, y especialmente aquellos asociados a ganadería, tanto extensiva como 
intensiva, debido al creciente impacto que estas enfermedades infecciosas están teniendo 
sobre la fauna salvaje en el entorno de las zonas ganaderas y el medio ambiente global. Se 
discuten tan solo una parte de las posibles enfermedades infecciosas (Candida albicans, 
Mycobacterium spp, Salmonella spp, Chlamydophila psittaci serotipo I), tratando de 
usarlos como ejemplos de la magnitud del problema y 2) al impacto de la ingestión de 
fármacos de uso ganadero por las aves carroñeras en España y su relación con la 
aparición de patógenos oportunistas, así como evaluar las tendencias temporales en la 
presencia y concentración de antibióticos y otros fármacos, y el impacto asociado sobre la 
salud de las aves carroñeras que nidifican en España central. Discutimos como la 
ingestión de fármacos ha evolucionado en los últimos años dependiendo de las prácticas 
ganaderas y de eliminación de sus residuos, sobre todo después de la prohibición de 
abandonar cadáveres de ganadería extensiva en el campo debido a la crisis de 
encefalopatía espeongifome bovina y la explotación mayoritaria posterior de cadáveres de 
ganadería estabulada en los muladares. 
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MATERIAL Y MÉTODOS 
 
2.1  Área de estudio y metodología general  
 
Rapaces carroñeras 
 
 
El estudio se realizó entre los años 2000 y 2008 y cubrió la mayor parte de los núcleos de 
reproducción de las tres especies de buitre que se reproducen en el Sistema Central, sus 
estribaciones y los cañones calizos cercanos en la Meseta Norte, España central 
(provincias de Segovia, Madrid y Ávila). Los buitres leonados se muestrearon en sus 
colonias principales en la provincia de Segovia (Hoces de los ríos Riaza y Duratón). Los 
alimoches se muestrearon en los mismos cañones, y en su entorno en la provincia de 
Segovia. Los buitres negros se muestrearon en la mayor parte de núcleos de reproducción 
de la colonia del Sistema Central (Alto Lozoya y Valdemaqueda en la provincia de 
Madrid, Río Moros, Navafría y Valsaín en la provincia de Segovia, y Valle de Iruelas y su 
entorno en la provincia de Ávila).  
 
La toma de muestras de los pollos se realizó con 50-80 días de edad, según la 
especie. Se extrajo una muestra de sangre de la vena radial (5ml), centrifugada y el 
plasma se congeló hasta su análisis. La microflora bacteriana de la cloaca, coana y narinas 
fue muestreada con hisopos estériles y medio de transporte Amies (ver detalles en 
BLANCO et al., 2007; LEMUS et al., 2008).  
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Rapaces depredadoras (cernícalos) 
 
Para el control de patógenos, los cernícalos adultos se capturaron con trampas “bal-
chatri”, mientras que los pollos se muestrearon en el nido poco antes de comenzar los 
primeros vuelos (con 25-28 días de vida). Los adultos de las especies continentales 
(Peninsula Ibéricca) se capturaron en los meses de mayo y junio, mientras que los pollos 
se muestrearon desde mediados de junio a mediados de julio. Solo se capturaron y se 
tomaron muestras de ejemplares adultos en las poblaciones canarias (Islas de 
Fuerteventura, La Palma y Tenerife), y estas capturas se realizaron de noviembre a 
febrero. 
 
 Como en el caso de los rapaces carroñeras, se extrajo una muestra de sangre 
(entre 0.5 y 1ml) de la vena radial o yugular, centrifugada y el plasma  se congeló hasta su 
análisis. Tan solo se muestreó la microflora bacteriana de la cloaca y la coana con hisopos 
estériles introducidos en medio de transporte Amies, aunque también se evaluó la carga 
parasitaria en heces dependiendo del estudio. 
 
2.2. Determinación de antibióticos, AINEs y antiparasitarios en los buitres 
(Capítulos 2, 3, 4 y 5) 
 
La presencia y concentración de fármacos se determinó en la sangre de pollos de las tres 
especies de buitre que crían en España central, así como en individuos enfermos 
encontrados en los nidos o sus alrededores y admitidos en centros de rehabilitación de 
fauna salvaje. Los buitres encontrados muertos en los nidos o sus alrededores se 
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necropsiaron y la presencia de fármacos determinada en muestras de hígado (véase 
LEMUS et al., 2008).  También se analizó la presencia de fármacos en huevos no 
eclosionados de buitre leonado y milano real (LEMUS et al., en evaluación). La presencia 
y las concentraciones de los residuos de quinolonas (enrofloxacina y ciprofloxacina), 
amoxicilina, oxitetraciclina, AINEs y antiparasitarios fueron determinadas usando 
cromatografía líquida de alta resolución (HPLC) según las técnicas detalladas en los 
capítulos concretos (ver capítulos 2, 3, 4 y 5), así como  técnicas microbiológicas con 
protocolos estándar para el caso de la oxitetraciclina ( ver también BLANCO et al., 2009 
para estos métodos). Los AINEs buscados fueron el diclofenaco, flumixin meglumine, 
ketoprofeno, ibuprofeno, meloxicam, salicilato de sodio  y paracetamol. Los 
antiparasitarios buscados fueron metronidazol, diclazuril, fenbendazol e ivermectina. 
 
2.3. Determinación de la presencia de fármacos en cadáveres de ganado (Capítulo 
2) 
 
El test de inhibición de crecimiento bacteriano fue utilizado para determinar la presencia 
de residuos de antibióticos en tejidos de cadáveres de cerdo (hígado, músculo, riñón, 
mucosa oral, recto) recién dispuestos en varios muladares utilizados por los buitres en la 
provincia de Segovia. Esta prueba es sumamente sensible a la presencia antibióticos y por 
lo tanto es realizada de forma rutinaria en mataderos para confirmar de forma rápida la 
presencia de antibióticos en animales destinados al consumo humano (OKERMAN et al., 
2001). Las muestras fueron recogidas con hisopos estériles, transportados en un 
contenedor refrigerado al laboratorio dentro de las 12 horas posteriores al muestreo y 
procesadas 1-2 horas después de su llegada al laboratorio. La prueba fue realizada en 
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placas con cultivos de suspensión de esporas de Bacillus subtilis y cultivos bacterianos de 
Kocuria rhizophila (detalles de los medios y condiciones de los cultivo pueden 
encontrarse en LEMUS et al., (2008). 
 
 Como complemento, se ha realizado un estudio piloto para valorar el riesgo que 
representan los cadáveres de ganado extensivo (ovejas, n = 10) e intensivo (cerdos, n = 
10) procedentes de explotaciones localizadas en España central en la ingestión de 
fármacos por parte de las aves carroñeras. Para ello se recogieron muestras de hígado de 
los cadáveres, que fueron analizadas utilizando la misma metodología que en el caso de 
los buitres muertos (véase arriba).     
 
2.4. Determinación de patógenos (Todos los capítulos) 
 
2.4.1 Rapaces carroñeras 
 
 La presencia de dos bacterias (Mycobacterium avium, Salmonella sp.) y dos hongos 
(Candida albicans, Aspergillus fumigatus) fue determinada en las tres especies de buitre 
debido a su patogenicidad severa en aves y su potencial para proliferar debido a la 
alteración de flora normal e inmunodepresión tras la ingestión de antibióticos (LEMUS et 
al., 2008). Los métodos para determinar la presencia de estos patógenos han sido 
descritos detalladamente por BLANCO et al., (2006) y LEMUS et al., (2008). Se 
consideraron sólo los casos clínicos de infección por Candida albicans, confirmados por 
la presencia de lesiones producidas por este patógeno en la cavidad oral y su posterior 
confirmación mediante cultivos microbiológicos y determinación genética de las cepas 
implicadas (LEMUS et al., en evaluación; LEMUS & BLANCO, 2009). 
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Las muestras de sangre recogidas en los primeros años de estudio, antes de la 
EEB, fueron utilizadas para determinar la presencia de Mycobacteriun avium mediante 
técnicas de PCR, pero no por métodos microbiológicos, que requieren el muestreo de la 
mucosas. La presencia de lesiones de Candida albicans en la cavidad oral, y su posterior 
confirmación mediante cultivos microbiológicos, no fue registrado antes de 2003. Por lo 
tanto, la evaluación de la presencia de estos patógenos no fue completa en los primeros 
años de estudio.  
 
2.4.2 Rapaces depredadoras (cernícalos) 
 
Los hisopos introducidos en medio de transporte AMIES se llevaron  al laboratorio  en 
neveras de transporte a unos 5º y procesadas en menos de 48h. De la muestra de sangre 
tomada, una parte (0.1ml aproximadamente) se conservó en etanol absoluto y  se utilizó  
en un muestreo exhaustivo de patógenos por medio de PCR. Así mismo 2 frotis se 
realizaron de la muestra de sangre fresca y se fijaron con metanol en el acto.  
 
Hemos determinado la presencia o ausencia de un total de 35 organismos que 
están catalogados como patógenos aviares potenciales, incluyendo helmintos. protozoos 
(incluyendo parásitos hemáticos), hongos, bacterias y virus, cubriendo posiblemente una 
gran parte de los patógenos que pueden afectar a estas especies si exceptuamos los 
ectoparásitos.  
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Los dos ectoparásitos más comunes de cernícalos son el hipobóscido hematófago 
Ornithophila gestroi y las moscas del género Carnus (Carnus hemapterus), las cuales son 
muy difíciles de cuantificar correctamente por sus hábitos y por el corto período de 
tiempo que están sobre los hospedadores (TELLA et al. 1996). 
 
Candida albicans fue cultivada a 37ºC durante 48 horas en un medio estándar de 
Agar Sabouraud. Este hongo fue también determinado mediante PCR a partir de muestras 
de sangre  (HOLMES et al.1995) cuando las muestras de cavidad oral no estaban 
disponibles. Las bacterias aerógenas (Pasterella multocida) y cloacales potencialmente 
patógenas (Salmonella sp., Campylobacter jejuni, Escherichia coli enterotoxigénica y 
Pseudomonas aeruginosa) fueron cultivadas en Agar sangre al 5%, agar chocolate y agar 
McConkey para tratar de evitar sobrecrecimiento Proteus sp.. Las placas fueron 
cultivadas a 37ºC  en condiciones estándar y de microaerofilia (10% CO2) durante 24 h. 
Los diversos tipos de colonias resultantes se subcultivaron por separado en medios 
apropiados y se identificaron mediante tiras comerciales de identificación (API 20 E; 
BioMerieux). Cuando no pudieron tomarse muestras microbiológicas la presencia de estas 
bacterias potencialmente patogénicas  se determinó mediante PCR de las muestras de 
sangre usando kits con primers comerciales (BAX Real time PCR Assay, Dupont)  o 
siguiendo protocolos previamente publicados (ARANAZ et al. 1997, KHAN y  
CERNIGLIA, 1994, SAXENA et al. 2006). Muestras de los mismos ejemplares fueron 
evaluadas a la vez mediante métodos estándar  de microbiología y PCR, no habiendo 
contradicciones entre ambos métodos. Los aislamientos de Campylobacter fueron 
identificadas mediante PCR-RFLP del la flagelina del gen A (PETERSEN y NEWELL, 
2001). La presencia de Chlamydophila psittaci en sangre se determinó siguiendo los 
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métodos de PCR descritos por KAHN y CERNIGLIA (1994), mientras que Mycoplasma 
sp. se determinó según los métodos de MEKKES & FEBERWEE (2005) y TUCSANYI 
et al. (2005). La  presencia de poxvirus (TADESE y REED, 2003), el paramixovirus 
causante de la enfermedad de Newcastle (FARKAS et al. 2007), los serotipos H5, H7 y 
H9 de la  influenza aviar (KISS et al. 2006, FARKAS et al. 2007), adenovirus 
(SCHRENZEL et al. 2007), circovirus (HSU et al. 2006), herpesvirus (CARDOSO et al. 
2005), poliomavirus (POTTI et al. 2007), reovirus (ZHANG et al. 2006) y el virus del 
West Nile (HOFFLE et al. 2007) fueron determinados siguiendo los métodos de PCR 
descritos en la literatura. 
 
Los parásitos hemáticos fueron determinados mediante métodos tradicionales 
(observación directa de los hemoparásitos en porta) (TELLA et al.1999)  y mediante  
PCR (HELLGREN et al. 2004, STONE et al. 2005) para aumentar la seguridad de los 
resultados (Cosgrove et all. 2006, Valkiunas et al. 2006). Trichomonas gallinae fue 
muestreado de la mucosa del buche mediante hisopos y cultivo o extensión directa o 
mediante PCR (GRABENSTEINER y HESS 2006).  
 
Las muestras fecales se examinaron para determinar la presencia de especies de 
coccidios (Protozoa) por esporulación de los ooquistes con dicromato potásico al  2.5% 
durante dos semanas (FORBES y FOX 2005) seguida de una flotación con sulfato de 
zinc. Para la detección de huevos de helmintos  en heces (trematodos, acantocéfalos, 
cestodos y nematodos)  se usó la flotación con sulfato de zinc así como la extensión 
directa en porta (GREINER y RITCHIE 1994, CLYDE y PATTON 2001). 
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Serologia y PCR de Chlamydophila psittaci (Capítulo 8)  
 
 
En el caso del brote de Chlamydophila refrido en el capítulo 8 se realizó un panel de 
serología que incluyó Salmonella y Chlamydophila psittaci. Para ello se utilizó el test de 
placa con aglutinación de sangre completa en el caso del antígeno de la Salmonella -Difco 
(TM) Salmonella O Group B Antigen (1-4-5-12) (Becton Dickinson and Company, 
Maryland, USA), según instrucciones del fabricante (SACK, 1986). En el caso de la  
Chlamydophila psittaci, los anticuerpos fueron determinados usando el ELISA de 
anticuerpos Rida-Screen (R-Biopharm,). 
 
La PCR clásica de Chlamydophila psittaci, la PCR a tiempo real y la PCR de 
Chlamydophila abortus (Chlamydophila psittaci serovar I) PCR fueron desarrolladas 
según los protocolos decritos en HEWINSON et al, 1997, SUCHSE et al, 2009 y 
LAROUCAU  et al, 2001). Hemos considerado el serotipo I de Chlamydophila psittaci 
como Chlamydophila abortus, siguiendo las indicaciones de  KALETA y TADAY (2003) 
o SCHILLER y cols, (2004).  
 
La caracterización  de las serovariedades de Chlamydophila psittaci  existentes en 
el área se realizó para determinar cuál es la involucrada en el episodio de clamidiosis 
clínica en los pollos de cernícalo, así como establecer el  grupo genético de cada una de 
las muestras aisladas según CHAHOTA y cols, 2006. Así mismo exploramos la posible 
presencia de otras especies clamidiales como Chlamydia muridarum y Chlamydia suis.  
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Caracterización de serovariedades de Chlamydophila (Capítulo 8) 
 
Los aislamientos fueron incubados y puestos a crecer según protocolos de VAROMPAY 
et al, 1993. De acuerdo con este artículo las serovariedades MAbs se denominaron VS-1 
(serovariedad A específica; del grupo de las psitácidas), CP3 (serovariedad B específica; 
grupo 1 de palomas), GR-9 (serovar C específica; grupo de las anátidas, especialmente 
patos), NJ-1 (serovariedad D específico; grupo del pavo), MP (serovar E específico; 
grupo II de palomas), NJ/1-D3 (serovariedad F). El test de microinmunofluorescencia 
asociado también se llevo a cabo según el mismo trabajo (VAROMPAY et al, 1993). 
 
La diversidad genética y la epizootiología de  Chlamydophila psittaci  se ha 
basado en el análisis de la región VD2 del gen ompA  La extracción del ADN, la PCR 
anidada que se llevó a cabo a continuación y el clonado de los productos de las PCRs, así 
como el secuenciado e interpretación de los análisis se llevaron a cabo según las 
directrices de CHAHOTA et a., (2006). 
 
Así mismo buscamos Chlamydophila psittaci tipo I  en abortos ovinos, heces de 
oveja, sustrato de los establos donde se cobijan las ovejas, sustrato de los nidos de 
cernícalo, en los escarabajos necrófagos y en diversos tipos de ortópteros (saltamontes, 
langostas y grillos) en las zonas de estudio. Los escarabajos y los ortópteros son presas 
comunes de los cernícalos común y primilla en España (APARICIO 2000, RODRIGUEZ 
et al. 2006). Los artrópodos fueron recogidos cerca de los nidos (a 50 m de los cadáveres 
en el caso de los escarabajos y a 200 m de los nidos en el caso de los ortópteros),  y 
fueron eutanasiados mediante congelación. 
  50
 
Las muestras de abortos ovinos fueron procesadas siguiendo a SCHILLER et al, 
2004, mientras que las heces de de oveja y el polvo fueron preparados y analizados 
siguiendo a TANAKA et al, 2005, mientras que los artrópodos fueron preparados 
mediante homogenización (TAFT et al, 2005). 
 
2.5. Necropsia e histopatología (Capítulos 2 y 4) 
 
Los buitres encontrados muertos en los nidos o en sus alrededores se necropsiaron y se 
recogieron muestras de  las lesiones encontradas así como de tejido (hígado, riñón, timo, 
bazo, bolsa de Fabricio, gónadas, pulmones y corazón). Las muestras se fijaron en una 
solución neutra de formol al 10 % para el exámen histopatológico. La presencia de 
lesiones macro y microscópicas en estos órganos fue registrada siguiendo protocolos 
establecidos (ver detalles en LEMUS et al., 2008). Para el estudio del estado funcional del 
hígado se registró la presencia de (1) hipertrofia, (2) degeneración vacuolar del 
parénquima y deformación trabecular) y (3) hiperplasia y fibrosis de los conductos 
biliares con infiltrados mononucleares.  En cuanto al riñón, registramos la presencia de 
(1) hipertrofia y coloración rosada pálida, (2) glomérulonefritis, (3) glomérulonefrosis, (4) 
infiltrados mononucleares y (5) precipitados blancos difusos sobre la superficie e interior 
del parénquima renal (acúmulos de uratos). También registramos la presencia de 
degeneración de los órganos linfoides: (1) bazo, (2) bolsa de Fabricio y (3) timo. 
Finalmente, registramos la presencia de congestión e irritación de las vías digestivas 
superiores. Las relaciones entre la presencia de cada tipo de medicamento veterinario y 
las lesiones en los órganos internos se analizaron mediante tablas de contingencia con 
probabilidades exactas y análisis log-lineal.  
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Entre 2005 y 2007, recogimos 12 huevos fracasados de buitre leonado en nidos 
localizados en las Hoces del Río Duratón (n = 4) y Riaza (n = 8), y otros 12 huevos 
fracasados de milano real colectados también en la provincia de Segovia. Los huevos 
fueron retirados de nidos abandonados por los reproductores al final de la temporada de 
cría cuando los pollos en las colonias de buitre leonado tenían entre 45 y 70 días de edad 
y alrededor de 30 días en el caso de los milanos reales. Otros huevos fracasados de buitre 
leonado y milano real fueron recogidos en colonias de Cádiz (n = 6) y en Extremadura (n 
= 8), respectivamente, para evaluar posibles diferencias geográficas en la presencia y 
concentración de fármacos y sus efectos potenciales sobre la viabilidad de los huevos así 
como los posibles daños producidos en los embriones. Antes de su retirada de los nidos, 
la inviabilidad de los huevos fue confirmada mediante el uso de un monitor digital de 
actividad embrionaria (ECG Buddy, Avitronics). Una vez en el laboratorio, un examen de 
rayos X de todos los huevos determinó el desarrollo del embrión y su posición en los 
huevos fecundados, y posteriormente se realizó una necropsia completa siguiendo 
metodologías estándar. Se recogieron muestras del contenido del huevo y de distintos 
tejidos embrionarios para determinar la presencia de residuos de fármacos, así como para 
análisis microbiológicos e histopatológicos (ver detalles en LEMUS et al, 2009).   
 
2.6. Valoración del estado del sistema inmune (Capítulos 3 y 7) 
 
Para evaluar el impacto de los antibióticos como inmunodepresores, analizamos la 
actividad de múltiples parámetros que definen la condición del sistema inmune celular y 
humoral en las tres especies de buitre (LEMUS & BLANCO, 2009). Durante los años 
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2006 y 2007 tomamos muestras de sangre de pollos de las tres especies en nidos de 
España Central (provincias de Segovia, Ávila y Madrid). Se muestrearon individuos de 
las tres especies en áreas de Extremadura (buitre negro en Monfragüe, Cáceres) y 
Andalucía (buitre leonado y alimoche en Cádiz), utilizadas como áreas control, ya que los 
buitres se alimentan allí de presas salvajes o carroñas de ganadería extensiva 
(DONÁZAR, 1993; BENITEZ et al., 2003; COSTILLO et al., 2007), que no deberían 
contener antibióticos en elevadas prevalencias y concentraciones, como así fue 
confirmado (LEMUS &BLANCO 2009). 
 
Además, para ambos modelos de aves rapaces, utilizamos técnicas de citometría 
de flujo para evaluar la inmunidad de base celular midiendo la actividad de los tres 
subconjuntos de células T más representativos (CD4+, CD5+, y CD8+) y diferentes 
técnicas para evaluar la actividad de moléculas implicadas en la inmunidad de base 
humoral, incluyendo el complemento (ruta clásica-CPW y alternativa-APW), 
interleuquinas (IL1β, IL2, IL6, IL8-like) y el γ interferón (IFNγ) (detalles de las técnicas, 
reactivos e instrumental pueden encontrase en TELLA et al., 2008; LEMUS & BLANCO, 
2009). 
 
Muy brevemente, la citometría de flujo y el marcaje de células se llevó a cabo 
según se explica en TELLA et al. (2008). Los linfocitos se someten a un doble gradiente 
de densidad y el sobrenadante, que es el que contiene los linfocitos, se lava dos veces con 
PBS para garantizar su viabilidad, Estas céñulas son las que se utilizan para la citometría 
de flujo. Para su marcaje  se utilizaron reactivos marcados con tinciones fluorescentes, 
isotiocianato ratón anti ave en el caso de los linfocitos CD4
+
 y CD5
+
, y ficoeritrina ratón 
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anti ave en el caso de los CD8
+
. Todos los reactivos fueron adquiridos en Abd Serotec, 
Oxford, Reino Unido.  Para su análisis, los linfocitos de  0.5ml de sangre completa fueron 
incubados con los anticuerpos monoclonales (30 ml en la oscuridad, lavadas con PBS y 
analizadas en el aparato FACSCALIBOR (BD Biosciences) o bien alicuotas de 10µl se 
analizaron en  un aparato Guava Easy Cyte Plus (Guava Technologies, Hayward, 
California, USA),  para medir el número absoluto de cada una de las líneas.  
Contaje total de linfocitos  
 
El número total de linfocitos se determinó mediante el contaje directo de los leucocitos  
en  porta hasta un total de 100 leucocitos y multiplicando este número por el WBC. 
(WERNERY y cols. 2004) 
 
 
 Ensayo con fitohemaglutinina 
 
 
Hemos usado el ensayo con inyección de fitohemaglutinina-P (PHA) para evaluar in vivo 
la inmunidad celular (CHENG y LAMONT 1988, MARTIN et al 2006). A los cernícalos 
se les inyectó  intradérmicamente en el patagio 0.3 mg de PHA disuelta en  0.1 ml de PB. 
La diferencia entre el grosor inicial y la inflamación 24 h más tarde se utiliza como la 
estimación de respuesta inmune celular (se puede consultar  FARGALLO et al. 2002 para 
obtener información extra sobre los procedimientos y la repetitibilidad).  
 
Electroforesis de proteínas  
 
Se determinaron las curvas de electroforesis de proteínas de todos los animales. Para ello 
se realizó la electroforesis de 50 µl de plasma sobre gel de agarosa comercial (Hydragel 
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Protein (E), Sebia Hispania S.A., Barcelona, Spain), usando un  Hydrasys System (Sebia 
Hispania S.A., Barcelona, Spain) semiautomático con reactivos del fabricante.  De esta 
manera se determinaron las concentraciones de albúmina y globulinas (α1, α2, β1, β2  and 
γ1 globulinas) (CRAY et al. 2001) 
 
 
2.7 Estudio del poliforfismo del MHC (Capítulo 6) 
Se usaron los ADN extraídos de un estudio previo sobre el patrón espacial de la variación 
de los microsatélites en toda la distribución Paleártica de los cernícalos común y primilla 
(ver ALCAIDE et al. 2009 para ver los detalles sobre la extracción del ADN). 
 
De todos los individuos muestreados en España (tanto pollos como juveniles y 
adultos) se seleccionaron 25 cernícalos primillas nacidos en colonias de gran tamaño, con 
más de 10 parejas nidificantes, así como 25 cernícalos vulgares de nidos aislados. 
Además se seleccionaron 12 ejemplares de la subespecie Falco tinnunculus dacotiae  
procedentes de Fuerteventura y 13 cernícalos de la subespecie Falco tinnunculus 
canariensis procedentes de Tenerife.  Asumimos que todos los individuos muestreados no 
están emparentados debido  al bajo nivel de paternidad extra-pareja y al bajo grado de 
parasitación de los nidos por parte de otras hembras (KORPIMAKKI et al 1996, 
ALCAIDE et al. 2005).  
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RESULTADOS Y DISCUSIÓN  
 
Aves carroñeras 
 
3.1. Presencia de fármacos en cadáveres de ganado dispuestos en los muladares 
(Capítulo 2) 
 
La carroña disponible para las aves necrófagas a menudo corresponde a ganado medicado 
previamente para el tratamiento de enfermedades, pero que, una vez muerto, es eliminada 
inmediatamente mediante su disposición en los muladares sin ningún periodo de 
supresión ni control sanitario o toxicológico. Por consiguiente, los residuos de fármacos 
presentes en las carroñas pueden ser ingeridos por las aves carroñeras, como se ha 
demostrado recientemente por la presencia de antibióticos circulantes en pollos de la tres 
especies de buitre que se reproducen en España central (LEMUS et al., 2008). De hecho, 
en un muestreo realizado para determinar la presencia de residuos de antibióticos en 
cadáveres de cerdo dispuestos en muladares de la provincia de Segovia, se encontraron 
tales residuos en casi todos los tejidos analizados en una gran proporción de los cadáveres 
(LEMUS et al., 2008).  
 
El análisis preeliminar de la presencia de fármacos en los cadáveres de ganado 
intensivo (cerdo) y extensivo (oveja) procedente de explotaciones del centro de España 
confirmó la existencia de diferencias claras entre ambos modelos de explotación. Los 
cerdos precedentes de explotaciones en régimen intensivo presentaron residuos de 
fármacos de uso veterinario en un 70% de los casos, especialmente quinolonas, pero 
también AINES como el flumixin meglumine y antiparasitarios como metronidazol y 
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fenbendazol. Por el contrario los cadáveres de oveja en régimen extensivo mostraron 
únicamente residuos de ivermectina en una proporción baja de individuos (Tabla 1). Otras 
fármacos administradas al ganado y presentes en las aves carroñeras (ver más abajo) no 
han sido encontradas en este estudio preeliminar debido al reducido número de muestras 
analizados hasta el momento en sólo dos especies de ganado.  
 
3.2. Ingestión de fármacos por las aves carroñeras: tendencias temporales (Capítulo 
5) 
 
Las aves carroñeras que se alimentan de cadáveres de ganado ingieren los múltiples 
fármacos que se administran de forma regular a éste. Además de los antibióticos 
encontrados en un primer muestreo en cadáveres de ganado y pollos de las tres especies 
de buitres (LEMUS et al., 2008), encontramos residuos circulantes de AINEs como 
flumixin meglumine, aspirina y paracetamol, así como antiparasitarios como diclazuril, 
metronidazol, fenbendazol e invermectina en pollos de las tres especies de buitres que se 
reproducen en España central (BLANCO et al., en evaluación). Con posterioridad a la 
publicación de estos resultados, durante la temporada de cría de 2008, encontramos 
también residuos de diclazuril en pollos de buitre leonado (prevalencia total (2001-2008) 
= 4.3%, n = 116 pollos, concentración = 0.37 ± 0.06 ng/ml, n = 5), asociados al consumo 
de pollos de granja, así como residuos de ibuprofeno (prevalencia total (2004-2008) = 
2.7%, n = 112 pollos, concentración = 1.82 ± 0.56 mg/ml, n = 3) y meloxican 
(prevalencia total (2004-2008) = 1.8%, n = 112 pollos, concentración = 0.31 ± 0.14 
ng/ml, n = 2) en pollos de buitre negro pertenecientes al núcleo de Rascafria, Madrid. 
Esta es la primera vez que se encuentran residuos de múltiples AINEs y antiparasitarios 
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junto con antibióticos en animales salvajes. La presencia simultánea de múltiples 
fármacos en la sangre de los pollos de las tres especies de buitre pone de manifiesto la 
magnitud del problema, ya que muchas de estos fármacos son tóxicas por sí mismas, y 
mas aún en combinación con otras, y pueden además producir otros múltiples efectos 
negativos sobre la salud de las aves (ver más abajo). Además, los fármacos buscados 
representan sólo una muestra de aquellas que se utilizan en ganadería, por lo que los 
resultados son conservativos y la situación puede ser más preocupante aún de lo que 
muestran nuestros resultados. 
 
La ingestión de antibióticos y su concentración en los buitres se incrementó tanto 
en el buitre leonado como en el negro, sobre todo en el caso de las quinolonas, desde la 
primera detección de sus residuos (LEMUS et al., 2008; BLANCO et al., en evaluación). 
Así por ejemplo, la proporción de pollos de buitre leonado con residuos de antibióticos 
aumentó de cero en 2001 y 2004 al 70 % en 2006 y casi al 80% en 2008. En el caso del 
buitre negro, la presencia de antibióticos circulantes pasó de afectar al 50% de los pollos 
en 2004 a niveles en torno al 80% en los años posteriores. Estas tendencias crecientes en 
la ingestión de antibióticos están sin duda causadas por el incremento en el consumo de 
cadáveres de ganado intensivo desde la prohibición de abandonar cadáveres de ganadería 
extensiva en el campo (BLANCO et al., 2006, 2007a, b; LEMUS et al., 2008, datos 
inéditos), acompañado por un posible empleo creciente de antibióticos en la ganadería 
estabulada. El alimoche mostró una tendencia relativamente estable en torno al 40% de 
prevalencia de antibióticos circulantes, pero durante el último año del estudio no se 
detectaron residuos de estas fármacos sobre una muestra pequeña de pollos (n = 6).  
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Los AINEs y los antiparasitarios fueron encontrados en una proporción menor de 
individuos que los antibióticos en las tres especies, y su presencia no mostró tendencias 
temporales claras, al menos hasta el año 2007 (BLANCO et al., en evaluación). Esto 
puede deberse a su empleo menos frecuente y temporalmente variable en ganadería 
comparado con los antibióticos, a pesar de que algunos AINEs como la aspirina y el 
paracetamol fueron encontrados en buitres leonados y alimoches antes de la crisis de la 
EEB cuando, sin embargo, no encontramos antibióticos circulantes en buitres leonados 
aunque sí en alimoches. Sin embargo, los datos pertenecientes a 2008 parecen indicar una 
tendencia positiva en la presencia de AINEs, especialmente en el buitre leonado, que 
pasaron de un 20% de prevalencia entre 2001 y 2006 hasta un 60% en 2008. La presencia 
de antiparasitarios en sangre mostró una ligera tendencia positiva en las tres especies, más 
marcada en el buitre leonado, debido a la influencia principal de los datos relativos al año 
2008, cuando se alcanzaron los valores máximos en las tres especies.  
 
 Las diferencias en la prevalencia y concentración de AINEs y antiparasitarios 
entre las distintas especies parecen estar determinadas por sus diferentes hábitos de 
alimentación y dependencia de la carroña de ganado. Los buitres leonados y negros 
mostraron residuos de cinco AINEs, mientras que los alimoches  sólo mostraron residuos 
circulantes de flumixin meglumine. Este medicamento es con frecuencia usada en ganado 
porcino (KAHN, 2005), sobre cuyos cadáveres se alimentan principalmente los buitres 
leonados y negros en el área de estudio. Los alimoches dependen de la carroña de cerdo, y 
en general de los muladares, en menor medida ya que explotan carroña de multitud de 
presas salvajes (DONÁZAR, 1993; BLANCO et al., 2007b), lo que puede explicar la 
ausencia en esta especie de otros AINEs utilizados en ganado porcino. Además, los 
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diferentes hábitos de alimentación y la dependencia de la carroña de ganado intensivo 
pueden explicar las diferencias entre especies en la presencia de las distintas fármacos. 
Mientras que los buitres leonados y negros ingieren cadáveres completos, incluyendo las 
vísceras, poco tiempo después de la disposición de los cadáveres, los alimoches por lo 
general no tienen acceso a las vísceras (donde se acumulan las fármacos, EMEA, 2004), 
excepto transcurrido cierto tiempo después del aprovechamiento de las carroñas por los 
buitres leonado y negro (DONÁZAR, 1993; BLANCO et al., 2007b). La degradación de 
los fármacos contenidos en las carroñas puede aumentar con el tiempo transcurrido entre 
la disposición y el consumo por los buitres. Este periodo de tiempo es con frecuencia más 
largo para el alimoche debido a la mayor abundancia y hábitos sociales de explotación de 
las carroñas de las restantes especies de buitres, que pueden consumir completamente las 
carroñas en muy poco tiempo (DONÁZAR, 1993). De hecho, aunque los alimoches 
puedan llegar a acceder en primer lugar a cadáveres dispuestos recientemente (Foto 8), no 
son anatómicamente capaces de alcanzar los órganos internos de los cadáveres de gran 
tamaño (DONÁZAR, 1993), como los de los cerdos de engorde.  
 
La diferente presencia y concentración de antiparasitarios  indican una vez más la 
influencia de la dieta y hábitos de alimentación entre las distintas especies. Mientras que 
los pollos de buitre negro mostraron  residuos de todos los antiparasitarios buscados, en 
los buitres leonados  no encontramos diclazuril hasta el año 2007 (BLANCO et al., en 
evaluación) aunque si en 2008, asociado al consumo de pollos de granja (datos inéditos). 
El diclazuril,  por el contrario, fue el único antiparasitario encontrado en alimoches. El 
diclazuril es utilizado sobre todo en grandes explotaciones de pollos y conejos de engorde 
(KAHN, 2005), cuyos cadáveres son con frecuencia aprovechados por buitres negros y 
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alimoches, pero de forma más ocasional por los buitres leonados cuando escasean otro 
tipo de carroñas (DONÁZAR, 1993; BLANCO et al., 2007), como en los últimos años 
del presente estudio.  
 
3.3. Presencia de fármacos en buitres admitidos en centros de recuperación 
(Capítulo 2) 
 
Todos los buitres negros (n = 20) y leonados (n = 18) encontrados enfermos y admitidos 
en el Centro de Recuperación de Buitrago de Lozoya, Madrid, mostraron residuos de 
antibióticos en sangre (prevalencia = 100% en ambas especies), especialmente quinolonas 
(prevalencia = 100%; enrofloxacina = 75%, 100%, ciprofloxacina = 75%, 55.6% en el 
buitre negro y leonado respectivamente). Ambas quinolonas se encontraron en elevadas 
concentraciones (μg/ml) tanto en el buitre negro (enrofloxacina: 0.093 ± 0.49, n = 15, 
ciprofloxacina: 0.11 ± 0.06, n = 15) como en el leonado (enrofloxacina: 0.11 ± 0.04, n = 
18, ciprofloxacina: 0.07 ± 0.02, n = 10). Los restantes antibióticos se encontraron a 
menores prevalencias (oxitetraciclina: 25.0%, 22.2%; amoxicilina: 15.0 %, 16.7%) y 
concentraciones (oxitetraciclina: 0.05 ± 0.27, n = 5, 0.08 ± 0.03, n = 4; amoxicilina: 0.12 
± 0.36, n = 3, 0.06 ± 0.02, n = 3) en los buitres negro y leonado respectivamente. Los 
buitres negros que ingresaron muertos en el centro de recuperación (n = 29) mostraron 
una elevada prevalencia de antibióticos en el hígado (65.5%), especialmente de 
quinolonas (65.5%, enrofloxacina: 48.3%, ciprofloxacina: 55.2%) y otros antibióticos 
(oxitetraciclina: 10.3%; amoxicilina: 17.2%), a elevadas concentraciones (en μg/g, 
enrofloxacina: 0.07 ± 0.02, n = 14, ciprofloxacina: 0.09 ± 0.03, n = 16, oxitetraciclina: 
0.10 ± 0.04, n = 3, amoxicilina: 0.06 ± 0.02, n = 5).  
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3.4. Presencia de antibióticos en huevos fracasados (Capítulo 4) 
 
La ingestión de antibióticos puede afectar de forma negativa a la salud y supervivencia de 
los pollos y, en consecuencia, al éxito reproductor y el estado de conservación de las 
poblaciones de aves carroñeras (BLANCO et al., 2006, 2007a, b; LEMUS et al., 2008). 
Los antibióticos y otros fármacos podrían también contribuir a reducir el éxito 
reproductor a través de sus efectos sobre la viabilidad de los embriones durante el período 
de incubación. 
 
En un estudio previo, encontramos residuos de fluoroquinolonas (enrofloxacina y 
ciprofloxacina) en huevos fracasados de buitre leonado y milano real colectados en nidos 
de la provincia de Segovia (LEMUS et al., 2009). Esta es la primera vez que se detectan 
residuos de cualquier tipo de  medicamento de uso veterinario en huevos de aves salvajes. 
Por el contrario, ninguno de los huevos fracasados colectados en áreas control de 
Andalucía y Extremadura mostró residuos de antibióticos u otras fármacos de uso en 
ganadería. 
 
La concentración media de quinolonas en huevos de buitre leonado fue más alta 
que la encontrada en el plasma de los pollos muestreados en las mismas colonias 
(LEMUS et al., 2008), probablemente como consecuencia de su acumulación en los 
tejidos diana de las hembras reproductoras, sobre todo en el  tejido adiposo debido al 
carácter lipofílico de las quinolonas (NEUMAN, 1987; CABRERA et al., 2002). 
Asimismo, estas fármacos pueden acumularse en la grasa del ganado estabulado, sobre 
todo cerdos de engorde, del que se alimentan los buitres en España central (BLANCO et 
al., 2006, 2007b). La presencia de residuos de quinolonas en los huevos de milano real 
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indica también su presencia al menos en hembras reproductoras, pero también en pollos e 
individuos invernantes que se alimentan de carroñas de ganadería intensiva en el mismo 
área, como sugieren las elevadas resistencias bacterianas a las quinolonas y otros 
antibióticos encontradas en esta especie en Segovia (BLANCO et al., 2006, 2007b).  
 
Todos los huevos con quinolonas mostraron residuos tanto de enrofloxacina como 
de ciprofloxacina. La enrofloxacina fue encontrada en concentraciones más altas que la 
ciprofloxacina en huevos de buitre leonado, y al contrario en huevos de milano real, en 
los cuales la ciprofloxacina predominó. En general,  la concentración de quinolonas fue 
más alta en buitres leonados que en milanos reales. Estas diferencias pueden estar 
causadas por los diferentes hábitos de alimentación y dependencia de la carroña de 
ganadería intensiva entre especies. Los buitres leonados se alimentan casi exclusivamente 
sobre cadáveres de ganado (DONÁZAR, 1993), mientras que los milanos reales son 
carroñeros facultativos que también se alimentan de una amplia variedad de presas 
salvajes (BLANCO et al., 2006). Además, los buitres ingieren cadáveres completos de 
ganado, incluyendo vísceras, poco tiempo después de su disposición en los muladares, 
mientras que los milanos por lo general ingieren pequeños pedazos de músculo, tendones 
y piel (BLANCO et al., 2006, datos inéditos) de forma oportunista generalmente pasado 
cierto tiempo después de la disposición de los cadáveres y/o su aprovechamiento por los 
buitres (HIRALDO et al., 1991, obs. pers.). Por lo tanto, los diferentes hábitos de 
alimentación pueden producir diferencias en la concentración de quinolonas debido a la 
metabolización hepática de enrofloxacina hacia ciprofloxacina en el ganado así como en 
las aves que ingieren sus restos, como puede deducirse por las relaciones entre la 
concentración de ambas moléculas en los huevos. Así, los buitres consumen los órganos 
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donde se acumulan las quinolonas en el ganado, sobre todo el hígado y la grasa, mientras 
los milanos consumen pedazos menores de piel y músculo donde los residuos del 
metabolito ciprofloxacina pueden alcanzar concentraciones más altas que su precursor, la 
enrofloxacina. La enrofloxacina, pero no su metabolito, la ciprofloxacina, es el 
medicamento  administrado al ganado (EMEA, 2004). La ciprofloxacina es a menudo 
utilizada en terapia humana, pero no en ganadería, a diferencia de la enrofloxacina, que es 
exclusivamente usada en ganadería debido a las normativas internacionales para preservar 
la eficacia de los antibióticos en humanos (BURGESS & HALL, 2007).  
 
En conclusión, los efectos perjudiciales de los antibióticos sobre la viabilidad de 
los embriones y, por lo tanto, sobre el éxito de eclosión pueden ayudar a explicar el 
reducido éxito reproductor de algunas poblaciones de aves carroñeras (e.g. CARRETE et 
al., 2006a). Se requiere más investigación para determinar con detalle el impacto de estos 
fármacos en áreas, especies y poblaciones particulares. 
 
3.5. Efectos de los fármacos sobre la salud de las aves carroñeras (Capítulos 2, 3, 4, 
5) 
 
a) Adquisición y proliferación de patógenos 
 
Los antibióticos pueden tener distintos efectos sobre la fisiología general y estado del 
sistema inmune en particular, que hacen a los individuos que los ingieren más 
susceptibles de adquirir microorganismos patógenos, tales como bacterias y hongos 
oportunistas (LEMUS et al., 2008). En concreto, los antibióticos pueden producir una 
depresión del sistema inmune (ver más adelante) así como la alteración de la flora 
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bacteriana normal. Ambos procesos pueden permitir el acceso y proliferación de 
patógenos oportunistas que en condiciones normales permanecerían  latentes o bajo 
control por la flora normal y el sistema inmune.  
  
Ninguno de los patógenos buscados fue aislado en pollos de buitre leonado antes o 
tras varios años después del inicio de la crisis de EEB, coincidiendo con la ausencia de 
antibióticos circulantes. Sin embargo, la presencia de patógenos se incrementó 
dramáticamente en los últimos años. Un incremento similar afectó a los pollos de buitre 
negro, para los que no contamos con información previa a la crisis de la EEB. Los 
alimoches no mostraron una tendencia clara en la prevalencia de patógenos, aunque 
durante el último año de estudio no se encontró ningún individuo afectado por ellos sobre 
una muestra pequeña de individuos (n = 6). 
 
 En nuestros estudios hemos puesto de manifiesto una asociación clara entre la 
presencia de residuos de antibióticos, sobre todo fluoroquinolonas, y la infección por 
patógenos oportunistas en la tres especies de buitres, probablemente porque los 
antibióticos ingeridos causan inmunosupresión, toxicidad, y alteración temporal de la 
flora bacteriana normal (LEMUS et al., 2008). La presencia de antibióticos en sangre 
estuvo relacionada de forma muy clara con la infección por patógenos oportunistas como 
hongos (Candida albicans, Aspegillus fumigatus) y bacterias (Salmonella sp., 
Mycobacterium avium) en las tres especies de buitres. El examen de buitres negros 
encontrados en un pésimo estado de salud en el campo y que ingresaron después en 
centros de recuperación confirmó la infección por los mismos patógenos asociada a la 
presencia de antibióticos circulantes (LEMUS et al., 2008). Estos resultados fueron 
  67
posteriormente confirmados con una muestra mayor de individuos muestreados en un área 
geográfica mas amplia en la tres especies de buitre (BLANCO et al., 2009). Esta 
asociación permaneció siendo evidente y estadísticamente significativa después de 
controlar la variación interanual en la presencia de antibióticos y patógenos, y teniendo en 
cuenta los efectos adicionales o la posible interferencia de los AINEs y antiparasitarios. 
De hecho, la relación entre la presencia de los patógenos citados y las quinolonas fue 
independiente del incremento temporal paralelo de antibióticos y antiparasitarios 
presentes en sangre en los buitres leonados, pero no en el caso de los buitres negros 
(BLANCO et al., 2009). Esto sugiere que, además del impacto evidente de los 
antibióticos sobre la adquisición y proliferación de patógenos, parece haberse producido 
un incremento interanual en la presencia de patógenos independiente de la presencia de 
antibióticos en ambas especies. El incremento en la presencia de patógenos puede deberse 
a una mayor tasa de infección y posterior transmisión entre con-específicos en los lugares 
de alimentación, en particular en muladares que concentran un elevado número de 
individuos, y en las colonias de cría, sobre todo en aquellos patógenos más contagiosos y 
persistentes como Mycobacterium avium, que aumentó dramáticamente en el buitre 
leonado, la especie más gregaria en sus hábitos de alimentación y reproducción.  
 
Los alimoches no mostraron ninguna tendencia temporal en la presencia de 
patógenos, antibióticos u otros fármacos. Esto está de acuerdo tanto con su menor 
dependencia de carroña de ganadería como con la variación interanual en la abundancia y 
disponibilidad de presas salvajes (BLANCO et al., 2007b) y la competencia potencial por 
la comida con los buitres leonados y negros, más abundantes y dominantes en el acceso a 
las carroñas (DONÁZAR, 1993), sobre todo en los muladares después de la crisis de 
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EEB. Además, los hábitos menos sociales de alimentación y reproducción podrían reducir 
el contacto intra e interspecífico y por tanto la probabilidad de transmisión de patógenos 
en el alimoche. Independientemente de estas influencias, encontramos una clara 
asociación entre la presencia de antibióticos y patógenos en esta especie. Por el contrario, 
la asociación entre la presencia de patógenos y otros fármacos solo fue estadísticamente 
significativa, aunque de forma débil, en el caso de los AINEs en el buitre negro 
(BLANCO et al., 2009). Esta asociación resulta mucho menos patente que la relación 
independiente entre antibióticos y patógenos,  probablemente debido a la mayor presencia 
de antibióticos que de AINEs circulantes y también debido a los diferentes efectos 
perjudiciales sobre las aves determinados por los mecanismos de acción de estos 
fármacos. 
 
b) Daños en órganos internos 
 
La necropsia de los buitre negros encontrados muertos en España central confirmó la 
presencia de antibióticos y otras fármacos en el hígado (véase arriba), asociado con la 
presencia de lesiones en el riñón, hígado y  aparato digestivo, así como con la 
degeneración de los órganos del sistema inmune. Todo esto indica la existencia de una 
relación causal entre presencia de antibióticos y mortalidad asociada a su toxicidad o a 
sus efectos inmunodepresores que permiten la adquisición y proliferación de patógenos, y 
que no hacen sino agravar los efectos directos de los antibióticos sobre los órganos 
dañados.  
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Mientras que los antibióticos pueden deprimir el sistema inmunológico y causar 
alteraciones en la flora normal que puede promover la adquisición y proliferación de 
patógenos (LEMUS et al., 2008), los efectos perjudiciales de los AINEs sobre la salud 
podrían ser más directos debido a los posibles daños renales que pueden llegar a ser 
fatales, como se ha puesto de manifiesto con el diclofenaco (METEYER et al., 2005; 
SWAN et al., 2006). Este antiinflamatorio produce efectos perjudiciales severos sobre el 
riñón de las aves, y es considerado la causa principal de la dramática disminución de las 
poblaciones de buitre en el subcontinente indio (SWAN et al., 2006). En este estudio, sin 
embargo, encontramos que la presencia de quinolonas, pero no de AINEs o 
antiparasitarios,  estuvo asociada a degeneración de los órganos linfoides, congestión de 
las vías digestivas superiores y múltiples daños en hígado y riñones en buitres negros. 
Estos resultados no invalidan los experimentos que han demostrado los efectos negativos 
del diclofenaco sobre  el riñón de las aves (SWAN et al., 2006) pero sugieren que las 
quinolonas pueden causar efectos similares en buitres salvajes en España. Además, las 
quinolonas también puede producir daño severo en el hígado y, sobre todo la depleción de 
órganos linfoides como la Bolsa de Fabricio o el timo, cuya degeneración está 
directamente relacionada con una inmunosupresión severa que permite la adquisición y 
proliferación de patógenos oportunistas que pueden causar graves problemas de salud en 
los buitres (LEMUS et al., 2008). Efectos similares han sido descritos debido a las 
quinolonas en animales domésticos (por ejemplo ZIMPFER et al., 2004; MONTAGNAC 
et al., 2005).  
 
c) Inmunodepresión  
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Todos los parámetros inmunológicos de los pollos de la tres especies de buitre 
muestreados en España central mostraron valores más bajos que en individuos no 
afectados por la ingestión de antibióticos en las áreas control de Andalucía y 
Extremadura. Esta marcada inmunodepresión sugiere un impacto perjudicial directo y 
global de los antibióticos sobre el sistema inmune durante el desarrollo de los pollos. Esta 
inmunodepresión se confirmó comparando los valores del sistema inmune en pollos con o 
sin antibióticos en España central, lo que sugiere una ingestión crónica pero discontinua 
de antibióticos en este área (LEMUS et al., 2008).  
 
La probabilidad de encontrar antibióticos circulantes en los pollos puede depender 
del tiempo transcurrido desde la última ceba, que puede producirse cada varios días 
(DONÁZAR, 1993). Esta probabilidad también puede depender de diferencias parentales 
en la dependencia de carroña de ganado intensivo frente a ganado extensivo y presas 
salvajes, de la concentración de antibióticos contenidos en la carroña ingerida en la última 
ceba, así como debido a diferencias individuales en la metabolización y excreción de los 
antibióticos ingeridos (LEMUS et al., 2008). Estos factores pueden explicar la ausencia 
de antibióticos circulantes en una proporción de individuos de España central, a pesar de 
todos ellos dependen en diferente grado de la carroña de ganado medicado como 
demostró la presencia de sus restos en todos los nidos. La ingestión de antibióticos 
probablemente ocurre a lo largo de todo el período de desarrollo de los pollos, como 
sugiere la presencia de los residuos circulantes de antibióticos en pollos muestreados a 
distintas edades (LEMUS et al., 2008, datos inéditos), y por los restos de ganadería 
estabulada encontrados en los nidos en diferentes etapas del desarrollo de los pollos 
(datos inéditos). En general, los resultados expuestos indican que la ingestión crónica 
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pero discontinua de antibióticos promueve una inmunodepresión generalizada cuando se 
compara con el estado del sistema inmune de individuos que no ingieren antibióticos en  
las áreas control. 
 
 La ingestión incontrolada de antibióticos puede ejercer efectos depresores 
inmediatos sobre el sistema inmune durante el periodo de tiempo en el que se encuentran 
circulantes (ANTUNEZ et al., 2006; AZUMA et al., 2001; CHIDE & ORISAKWE, 
2007). Esto puede explicar por qué los individuos con antibióticos en sangre mostraron 
inmunodepresión más severa que aquellos sin antibióticos circulantes a pesar de la 
posible ingestión crónica pero discontinua de antibióticos por parte de todos los 
individuos en España central (LEMUS et al., 2008). A diferencia de otros tóxicos que 
causan efectos irreversibles por si mismos en el sistema inmune, los efectos de los 
antibióticos pueden revertir de forma rápida. Además, el sistema inmune en desarrollo de 
los pollos puede ser capaz de recuperarse más rápido que un sistema inmunológico 
totalmente desarrollado (DAVIDSON et al., 2008). Esto sugiere que la inmunodepresión 
puede ocurrir justo después de la ingestión de antibióticos, pero también que el sistema 
inmune puede recuperarse parcial pero rápidamente después de que la ingestión cesa. Esto 
también puede explicar la inmunodepresión general de todos los individuos muestreados 
en España central (con o sin antibióticos en el momento del muestreo) comparada con 
aquellos de las áreas control.   
 
El impacto negativo de los antibióticos sobre el sistema inmune es complejo, 
porque diferentes mecanismos de acción, subsistemas inmunológicos y rutas metabólicas 
pueden estar implicados de forma simultánea en su influencia y la inhibición de su acción. 
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Estos mecanismos incluyen la supresión de la proliferación primaria de linfocitos, la 
supresión de la actividad de la médula ósea, la inhibición de los macrófagos y el 
crecimiento deletéreo masivo de bacteriófagos (FORSGREN et al., 1989; AZUMA et al., 
2001; CHIDE & ORISAKWE, 2007; COMEAU et al., 2007). Todos estos mecanismos 
pueden estar implicados simultáneamente en la inmunodepresión debido a la ingestión de 
antibióticos, como indica el hecho que tanto el sistema inmune celular como el humoral 
estén afectados en grado variable por la presencia de antibióticos circulantes. De hecho, 
las relaciones mutuas complejas entre la inmunidad celular y humoral pueden explicar el 
patrón de variación de los diferentes parámetros inmunológicos debido a la ingestión 
crónica pero discontinua o reciente de antibióticos. En cuanto a la inmunidad celular, la 
subpoblaciones linfocíticas que promueven la defensa activa (CD4+) y las poseedoras de 
memoria o actividad citotóxica (CD8+) fueron las que mas se redujeron en pollos con 
antibióticos, en comparación con el subconjunto con actividades de ayuda y coordinación 
(CD5+). En cuanto a la inmunidad humoral, sobre todo el complemento APV y la IL8-like 
se redujeron debido a la presencia de antibióticos en las tres especies. La ruta alternativa 
del complemento (APV) está relacionada principalmente con la inmunidad específica, así 
como con la identificación de patógenos por los heterófilos y macrófagos 
(PARMENTIER et al., 2002). Valores bajos de APV pueden ser ineficaces en la defensa 
inmediata de los heterófilos contra los patógenos, permitiendo así su adquisición y 
proliferación. Aunque no hemos valorado la actividad de los macrófagos, la infección por 
patógenos oportunistas como Candida albicans y Mycobacterium avium asociada a la 
presencia de antibióticos (LEMUS et al., 2008) puede ser indicativa de su escasez y 
actividad reducida. La IL8-like está relacionada con la  quimiotaxia de los heterófilos. 
Esta citokina es producida por los macrófagos y células endoteliales en los lugares de 
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inflamación o infección (DAVIDSON et al., 2008). Si se reduce la actividad de los 
macrófagos, la secreción de IL8-like esperada debería ser baja. Los parámetros restantes 
(IL1, IL6 y γIFN) también mostraron valores bajos asociados a la presencia de 
antibióticos en alguna especie, pero no en otras. Esto sugiere que la inmunodepresión 
debido a los antibióticos puede ser en parte específica de cada especie dependiendo de la 
variabilidad genética o diferencias de la historia vital de las distintas especies, aspectos 
que requieren más investigación.   
 
La inmunocompetencia humoral depende en gran medida de la actividad celular 
del sistema inmune, sobre todo en individuos en desarrollo con una intensa actividad de 
los  linfocitos (DAVISON et al., 2008). Los linfocitos actúan como mediadores o 
efectores de la mayor parte de la activación y actividad de las moléculas del sistema 
humoral cuando los órganos inmunes y su función todavía no están desarrollados de 
forma completa, como en el caso de los pollos en desarrollo. En este sentido, los  
macrófagos, mastocitos, células plasmáticas, linfocitos ‘natural killer’, linfocitos, 
monocitos, heterófilos e incluso células endoteliales poseen la capacidad de activar varias 
citokinas, el interferón o el complemento (DAVISON et al., 2008). Los bajos niveles 
observados de células T y citokinas asociados a la presencia de antibióticos parecen 
adaptarse a este modelo de acción. Así, los bajos niveles de linfocitos T pueden secretar 
reducidos niveles de citokinas y las moléculas quimitácticas pueden ser demasiado 
escasas para contribuir al feed-back que promueve la presencia de linfocitos T 
(DAVISON et al., 2008). Las fluoroquinolonas también puede tener efectos negativos 
sobre tejidos hematopoyéticos  primarios, como la medula ósea (CHIDE & ORISAKWE, 
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2007), como sugiere la anemia severa asociada a la presencia de antibióticos en los 
individuos estudiados de la tres especies de buitre (datos inéditos). 
La marcada asociación entre residuos de antibióticos, sobre todo quinolonas, y la 
infección por patógenos oportunistas (LEMUS et al., 2008) puede así deberse a los 
efectos inmunosupresores de los antibióticos que reducen temporalmente la resistencia de 
los hospedadores frente a patógenos oportunistas. Un sistema inmunológico deprimido de 
forma severa puede ser insuficiente para evitar el acceso de otros patógenos más 
perjudiciales que pueden producir estragos en las poblaciones. Esta inquietante 
posibilidad podría haber empezado a manifestarse en las poblaciones de buitres, sobre 
todo en la reducción de éxito reproductor por un incremento de la mortalidad de pollos al 
final de su periodo de desarrollo en el nido (LEMUS et al., 2008, datos inéditos) pero 
también en una reducción el número de parejas reproductoras.  
 
d) Daño en embriones 
 
Los residuos de quinolonas presentes en los huevos de buitre leonado y milano real 
colectados en Segovia, España central, estuvieron claramente asociados a alteraciones 
severas en el desarrollo de los cartílagos y huesos de los embriones en los huevos 
fecundados. Estas alteraciones podrían imposibilitar los movimientos del embrión 
impidiendo así un desarrollo embrionario normal, así como la correcta posición para la 
eclosión (COOPER, 1998; JOYNER, 1994; DEEMING, 1995). Por el contrario, ninguno 
de los embriones presentes en los huevos fracasados colectados en áreas control de 
Andalucía y Extremadura mostró alteraciones en el cartílago y huesos, sino que 
fracasaron debido a otras causas. Por lo tanto, tanto los efectos tóxicos potenciales de las  
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quinolonas como efectos adicionales perjudiciales sobre el desarrollo de los embriones 
pueden provocar el fracaso en la reproducción durante la incubación.  
 
Los huevos con presencia de quinolonas no presentaron crecimiento bacteriano 
alguno, es decir, eran microbiológicamente estériles debido a la acción antimicrobiana de 
las quinolonas. Este es un resultado destacable, ya que los huevos no viables de aves 
salvajes por lo general son colonizados por bacterias de la flora normal durante el periodo 
de incubación (COOPER, 1998), y por bacteria saprofíticas oportunistas después de que 
los huevos inviables son abandonados por las hembras tras la incubación (HOUSTON et 
al., 1997; este estudio). De hecho, tanto los huevos sin quinolonas colectados en España 
central como aquellos procedentes de las áreas control (todos sin residuos de quinolonas) 
mostraron crecimiento de bacterias oportunistas y patogénicas que a menudo puede 
causar el fracaso en la incubación (BATTISTI et al., 1998; JONES et al., 2002; BOARD 
& FULLER, 1974). Estos resultados ponen también de manifiesto la influencia negativa 
de las quinolonas sobre el desarrollo normal de los embriones al eliminar su flora normal 
(BOARD & FULLER, 1974). 
 
El examen histopatológico de los embriones fracasados que contenían residuos de 
quinolonas mostró daño severo en cartílagos articulares y tendones, así como alteraciones 
en el crecimiento de la epífisis de los huesos largos. Estas lesiones son similares a 
aquellas descritas para animales de laboratorio recién nacidos o en desarrollo después de 
la exposición experimental frente a quinolonas (PATTERSON, 1991; GOUGH et al., 
1992; HILDEBRAND et al., 1993; FÖRSTER et al., 1996; SIMONIN et al., 1999; 
STAHLMANN, 2002; MAŚLANKA et al., 2003). Estos efectos pueden reflejar el daño 
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progresivo de organización en los condrocitos durante el desarrollo embrionario. Los 
mecanismos de acción de estas fármacos incluyen la inhibición de ADN topoisomerasa 
(α2-girasa y β2-girasa), y en algunos casos, la interferencia en la síntesis de ADN, 
colágeno y proteoglicanos (SENDZIK et al., 2005; CHANNA et al., 2006). La 
patogénesis de las fluoroquinolonas puede ser explicada por dos propiedades generales de 
estas fármacos, en especial su capacidad para formar radicales libres y sus propiedades 
como quelante del magnesio que conducen a un déficit de magnesio funcionalmente 
disponible y, posteriormente, a la formación de lesiones irreversibles en los tejido 
conectores (FÖRSTER et al., 1996). Las fluoroquinolonas son también medicamentos 
contraindicados en mujeres embarazadas y su empleo en niños puede producir daños 
articulares (PINO et al., 1991; CUKIERSKI et al., 1992; LIPSKY et al., 1999; KIM et 
al., 2000; GUZMAN et al., 2003; STAHLMANN 2003). En los embriones de buitre 
leonado y milano real, nuestros resultados muestran los mismos efectos sobre las 
articulaciones, aunque de forma más severa que la descrita en animales de compañía y 
laboratorio, probablemente debido a la exposición neonatal y continua a estos fármacos 
en el ambiente cerrado del huevo.  
 
 
Rapaces depredadoras (cernícalos) 
 
3.6 Número de patógenos presentes en las especies y subespecies de cernícalo 
(Capítulo 6) 
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De acuerdo con otros estudios previos en salmones (DIONE et al. 2007), roedores 
(HAMBUCH & LACEY 2002, GOUY DE BELLOCQ et al. 2008) y humanos (e.g. 
PRUGNOLLE et al. 2005), nuestros resultados muestran  una asociación clara entre el 
MHC y la diversidad de patógenos en cernícalos. Otros estudios, por el contrario,  
muestran resultados controvertidos o bien discordantes (e.g. VISSCHER et al. 2001, 
GUTIERREZ-ESPELETA et al. 2001). Estos resultados sugieren que la variación del 
MHC no es igualmente importante en todas las especies y que otros genes inmunitarios 
deben de tener un papel crítico ( ACEVEDO-WHITEHOUSE & CUNNINGHAM  2006).  
El bajo número de individuos muestreados así como el uso de individuos diferentes para 
el estudio de la genética y de los patógenos nos impide testar adecuadamente la influencia 
individual del MHC sobre la carga parasitaria Este relación individual es uno de los 
estudios a realizar en el futuro.  
 
3.7 Polimorfismo del MHC en especies de cernícalos (Capítulo 6) 
 
Los cernícalos comunes continentales muestran mayor diversidad y mayor longitud en las 
colecciones de alelos de MHC que los cernícalos primilla. La falta de diferencias 
significativas en los marcadores neutros (microsatélites)  entre las dos especies sugiere 
que los patrones observados no están influenciados por niveles niveles opuestos de 
variabilidad genómica (ver ALCAIDE et al. 2009a). Los patrones de variación genética 
del MHC y de los loci de los microsatélites no pueden ser comparados fácilmente de 
todos modos.debido a los diferentes mecanismos mutacionales o a los protocolos de 
tipado.  La secuenciación de los loci anónimos o de los intrones podría ser más adecuada 
para este caso. Las comparaciones en la diversidad de aminoácidos entre las poblaciones 
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de cernícalos continentales, de todos modos, fueron tan solo significativas cuando 
restringimos  nuestro análisis tan solo a aquellos codones que supuestamente estaban 
implicados en el reconocimiento de antígenos. Estos resultados denotan una mayor 
incidencia en la diversificación y en la selección activa del MHC en el cernícalo vulgar. 
 
Nuestra estimación de la diversidad del MHC está de acuerdo con el nivel de 
patógenos, mostrando los cernícalos vulgares continentales un espectro de patógenos más 
diverso que el del  primilla. Los volantones de ambas especies muestran el mismo nivel 
bajo de patógenos, posiblemente debido a a las bajas oportunidades de transmisiñon de 
patógenos. De hecho más de cinco condiciones ecológicas y de historia natural predicen 
estos resultados en ambas especies, mientras que el caso contrario tan solo se predice en 
dos. Nuestra aproximación  de todos modos sugiere que algunas hipótesis actúan 
conjuntamente en un mismo sentido envez de en sentidos diferentes o contrarios, lo que 
podría explicar las diferencias en la carga patogénica. La mayor exposición de los 
cernícalos vulgares a virus y bacterias  podría influir decisivamente a su mayor diversidad 
en el MHC. Su carácter cosmopolita hace que el cernícalo vulgar pueda ver incrementada 
su carga de patógenos a la que esta especie puede verse afectada durante su historia 
evolutiva (TELLA et al. 1999), mientras que el cernícalo primilla, que es un especialista 
de estepas con una distribución restringida puede ser una especie con un espectro 
patogénico menor. De hecho solo encontramos   Pseudomonas aeruginosa y 
Mycobacterium avium, así como  herpesvirus, y parásitos intestinales de los géneros 
Isospora, Ascaridia, y Cyrnea en el cernícalo vulgar. Este hecho no ocurre en sentido 
contrario. El mayor espectro trófico del cernícalo vulgar también favorecería este aspecto, 
como atestigua la presencia de Campylobacter sp., P. multocida y paramixovirus, 
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transmitidas de mamíferos a aves de presa (FRIEND & FRANSON 1999, HUBALEK 
2004, TORO et al. 2005). Por el contrario los cernícalos primillas son más prevalentes en 
patógenos transmitidos entre especies de aves, como Mycoplasma spp y.  Trichomonas 
gallinae., que además se transmiten más eficazmente en nidos muy cercanos (TELLA et 
al. 1997).  
 
En estos nidos se produce además la presencia habitual de otras especies de aves 
que portan comúnmente estos patógenos, como la paloma doméstica Columba livia 
(FORERO et al. 1996, FRIEND & FRANSON 1999, TURCSANYI et al.2005), 
explicando las altas prevalencias de estos patógenos en los primillas. La condición de ave 
migratoria del cernícalo primilla, por útimo explicaría la alta prevalencia de West Nile 
virus y IH7 (OLSEN et al. 2006, MUNSTER et al. 2007, LOPEZ et al. 2008). 
 
La riqueza de patógenos y su abundancia, así como la reproducción no dirigida y 
la variación espacio-temporal de del régimen de selección mediado por los patógenos son 
considerados así mismo como importates en la evolución del MHC (SOMMER 2005, 
PIERTNEY & OLIVER, 2006). Las especies estudiadas son monógamas y esencialmente 
fieles en su comportamiento reproductivo (KORPIMAKKI et al. 1996, ALCAIDE et al. 
2005). En laPenínsula Ibérica  parece haberexistido un flujo de genes a nivel suficiente 
como para ser evaluado a pesar de la filopatría  y la distribución parcheada del cernícalo 
primilla (ALCAIDE et al. 2008, 2009a,b). 
 
La comparación entre cernícalos continentales e insulares aporta las pruebas más 
concluyentes sobre el papel de la diversidad de los patógenos en la promoción de 
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variabilidad del MHC. Nuestro muestreo de patógenos en las islas no detectó 14 
patógenos comúnmente detectados en los cernícalos europeos. Más aún, las prevalencias 
de los diferentes patógenos son mucho más altas en los cernícalos del continente que en 
los de las islas en al menos seis de las ocho comparaciones posibles. Estudios previos  
reflejan la pérdida de al menos  el 25%  de los microsatélites tras la llegada de especies 
nuevas a ecosistemas insulares con respecto a las especies de los continentes (ver 
ALCAIDE et al. 2009). 
 
Es interesante que el número de alelos se ha restringido en un 75%, demostrando 
la inoperancia de usar marcadores neutros en estudio de variación genética de loci 
relacionados con la condición física (AGUILAR et al. 2004, JARVI et al. 2004). Dado 
que el aislamiento empobrece la cantidad de patógenos (WIKELSKI et al.2004), 
proponemos que la selección natural promueve la fijación de los alelos más eficientes 
aunque, de acuerdo con otros estudios realizados en islas,  (RICHARSON & 
WESTERDAHL 2003,  AGUILAR et al. 2004),  la selección natural preserva la 
divergencia alélica del MHC (see WAKELAND 1990).. La diferencia media de 
nucleótidos entre alelos únicos  se incrementó en el MHC de clase II, pero no en la clase 
I.  
 
3.8 Utilidad de las líneas linfocitarias  T  para controlar la imunidad celular  
infecciones parasitarias (Capítulo 7) 
 
Los resultados de unestro experimento indicaron que los contajes de linfocitos CD4 y  
CD5 por citometría de flujo fueron significativamente mayores en el grupo infectado con 
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Caryospora que en el grupo no infectado, aunque no se observaron diferencias en el 
número de CD8s. Controlando por el tratamiento, no hubo intercorrelación entre las tres 
líneas linfocitarias y ninguna de estas estaba correlacionada con la reacción a la PHA en 
el grupo de los infectados o en el de los no infectados.   
 
 Como esperábamos los resultados expuestos se pueden explicar por la diferente 
función que realizan cada una de las líneas linfocitarias, encontrando diferentes 
reacciones a los protozoos intestinales (Caryospora) infection. Mientras que  CD4 y CD5 
se incrementaron drásticamente tras la infección o la vacunación, los CD8s mostraron 
valores similares. La respuesta de los CD4  a los protozoos intestinales nunca se había 
explorado en aves salvajes, aunque si en aves de corral, reportando un aumento de estos 
(YUN, LILLEHOJ & CHOI 2000; HONG et al. 2006). Un incremento de los CD4 es 
esperable ya que posiblemente esta sea la línea de linfocitos T más especializada e 
implicada en la muerte directa y en la fagocitosis de los patógenos. Otros patógenos 
localizados en el intestino delgado provocan también un aumento de los CD4 
(METHNER et al. 1995; NOUJAIM et al. 2007). Los CD5 secretan y movilizan citokinas 
ayudando a los CD4 para eliminar los patógenos, por lo cual también es espeable un 
aumento en caso de infección. La falta de respuesta de los CD8 puede ser debido a que 
esta línea reconoce a la Caryospora como un patógeno al que el individuo ya se  había 
presentado anteriormente. La mayor parte de los animales salvajes muestran diferente 
grado de infección ante un mismo patógeno en las diferentes ocasiónes en las que se 
presenta en su vida. Por ello, una primera producción masiva de células memoria no 
debería de ser la respuesta ante un patógeno tan común (el 65.9% de los volantones, 
MARTINEZ-PADILLA et al. 2004). Por esta razón, os CD8 podrían haber estado 
  82
estimulados antes de la infección experiemtal, dada la exposición natural de los cernícalos 
a este patógeno. De manera similar la vacunación aumentó de manera significativa los  
CD4 y CD5, pero no los CD8. Los análisis individuales muestran que los ejemplares con 
mayor número de CD4 inicial mostaron mayor número al final de la infección. (MARTIN 
et al. 2004). 
 
 En el caso de los CD5 encontramos resultados diferentes: aquellos Individuos con 
mayor número de  células CD5 muestran así mismo más células después de la 
vacunación. No hemos encontrado ninguna correlación entre el incremento de los CD5 y 
su número inicial, lo que indica que los individuos producen un número similar de CD5 
independientemente de sus niveles iniciales.  
 
3.9 Efecto del parásito Caryospora spp sobre otros parámetros inmunitarios  
(Capítulo 7) 
 
Los parámetros inmunitarios clásicos no son indicadores apropiados de la respuesta 
inmune celular en algunas infecciones. Cuando controlamos por el sexo, la reacción de la 
fitohemaglutinina (PHA) está correlacionada positivamente con el peso en el momento de 
la inyección, aunque no significativamente, y no se apreciaron diferencias entre los dos 
grupos experiemtales (infectados vs no infectados).Tampoco se observaron diferencias 
intergrupales en el contaje total de linfocitos o en el de glóbulos blancos, ni con las 
proteínas plasmáticas. De manera similar, controlando por el tratamiento ninguna de las 
variables se correlacionó con  el contaje de las líneas linfocitarias. 
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 En este experimento las proteínas plasmáticas no mostraron ningún cambio en 
ninguno de los dos grupos. Sin embargo, TELLA et al, 2008 observó un incremento en 
los CD4, CD5, CD8 así como en las globulinas paralelamente a una disminución de la 
albúmina en diferentes especies de psitácidas. En unestro experimento los cernícalos no 
activaron sus CD8 ni sus globulinas, revelando diferentes mecanismos de respuesta 
inmunitaria frente a diferentes antígenes. La respuesta frente a Caryospora parece estar 
basada primordialmente en la respuesta celular. La globulinas, por otra parte, se 
incrementan o disminuyen frente a infecciones bacterianas o víricas (CRAY et al. 2001), 
pero no parecen estar relacionadas con protozoos (DAVIDSON et al. 2008).   
 
 Los resultados de nuestro estudio demuestran la ineficacia de muestrear la  
inmunocompetencia individual muestreando los individuos con las técnicas clásicas o 
tradicionales, lo que se corrobora al no obtener tampoco resultados positivos con el WBC 
o el recuento total de linfocitos.  Así mismo, demuestran la incapacidad de la PHA para 
revelar cambios en las líneas de linfocitos frente a la respiuesta de ellos  ante infecciones. 
Este punto es especialmente importante al ser la PHA la técnica más utilizada en 
inmunoecología y ecología evolutiva (MARTIN et al. 2006; KENNEDY & NAGER 
2006). Con los resultados obtenidos en nuestro tabajo podemos decir que la PHA no  
faculta para predecir la capacidad inmunitaria de un individuo frente a infecciones 
protozoarias.  
 
 De manera similar a otros estudios en los que se manipuló la carga parasitaria 
(BRINKHOFF et al. 1999; TSCHIRREN et al. 2003; ARDIA 2005a), nuestro estudio 
muesttra que la PHA no refleja una infección. Por el contrario, otros trabajos encontraron 
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que una infección incrementa la reacción inflamatoria de la PHA (CHRISTE et al. 2000) 
incluso cuando el parásito  (Isospora spp. Protozoa, Apicomplexa) es muy semejante al 
utilizado en nuestro trabajo (SAKS et al. 2006). De acuerdo con este trabajo, sugerimos 
que al interpretar los resultados obtenidos con la PHA, estos no representan un reflejo 
puramente inmunológico, sino que el reflejo nutricional desempeña un papel fundamental 
a la hora de desencadenar la respuesta de la PHA, al estar correlacionada con el peso en 
muchas especies de aves (ALONSO-ÁLVAREZ & TELLA 2001) y  afectada por 
restricciones nutricionales (ALONSO-ÁLVAREZ & TELLA 2001; FARGALLO et al. 
2002; NAVARRO et al. 2003).    
         
 
3.10 Chlamydophila psittaci serotipo I como patógeno emergente en poblaciones de 
cernícalo (Capítulo 8) 
 
Para establecer el nivel de infección de las poblaciones de cernícalo con Chlamydophila 
psittaci comenzamos con la realización de preteinogramas. Los resultados de la 
electroforesis de proteínas de las dos especies de cernícalo muestran qu los individuos de 
los Llanos de Cáceres muestran niveles más altos de  γ-globulinas que los cernícalos de 
Campoazálvaro y los Monegros,  siendo estas diferencias estadísticamente significativas. 
Los cernícalos primilla mostraron valores más altos que los vulgares. 
 
Chlamydophila abortus (C.p. serovariedad I) fue la especie más prevanente de 
Chlamydiacea encontrada en las poblaciones de cernícalo (12.6 %), seguida por 
Chlamydia suis (5.7 %) y Chlamydia muridarum  (3.8 %). Todos los individuos 
infectados por Chlamydia suis estaban también infectados por Chlamydophila abortus, 
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mientras que ninguno de los individuos infectados por  Chlamydia muridarum estaban 
también infectados por otras especies de Chlamydiaceae. Al explorar las gammapatías en 
cernícalos hemos excluído los ejemplares con doble infección, comparando ejemplares 
infectados vs. no infectados. Las gammapatías están asociadas a la infección por 
Chlamydophila abortus (C.p. serovar I). El modelo también muestra diferencias 
significativas entre las especies de cernícalo y en la interacción entre infección y especie. 
Estos mismos resultados se vieron en Chlamydia suis, pero podrían estar enmascarados 
por la doble infección suis –abortus.  
 
Los resultados de serología mostraron que todos los pollos de cernícalo 
procedentes de los Llanos de Cáceres mostraban anticuerpos frente a Chlamydophila 
psittaci, mientras que tan solo una pequeña proporción de las otras poblaciones los 
presentaba. Existen diferencias entre áreas de estudio para el cernícalo común y el 
primilla. No se encontraron otros anticuerpos en el muestreo serológico.Teniendo en 
cuenta los resultados se preparó un estudio doble-ciego de las diferentes serovariedades y  
tipos existentes en las poblaciones de estudio con el fin de establecer el origen de la 
Chlamydophila. 
 
Se realizaron PCRs de Chlamydophila psittaci clásicas y a tiempo real, mostrando 
los mismos resultados y siendo identicida en todos los especímenes de los Llanos, y tan 
solo en algunos de las otras áreas, siendo las diferencias significativas. Así mismo 
encontramos que tan solo en los Llanos una parte de los individuos eran positivos en las 
PCRs  frente a C. abortus (C.psittaci. serovar I), C. suis y C. muridarum. Las diferencias 
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entre areas fueron significativas en C. abortus y C. suis en ambas especies de cernícalo, 
pero no C. muridarum.   
 
En los Llanos, C. abortus (C.p. serovar I) fue encontrada en todas las fuentes 
posibles de contagio analizadas. Por el contrario, en los Monegros,  fue encontrada en 
menor medida en  los fomites de los establos de ovejas, al igual que en los fomites de los 
nidos de cernícalo primilla y en los ortópteros. En Campoazálvaro, los cernícalos crian en 
casetas y en viejos edificios, por lo que solo se muetrearon los ortópteros, no 
encontrándose positivos.  
 
Chlamydophila psittaci es una bacteria ubicua  que causa diferentes patologías de 
diferente pronóstico en aves, siendo más agresiva en pollos que en adultos is ubiquitous 
and (GERLACH, 1994). VERGARA et al, 2008 demostraron que los individuos de los 
Llanos muestreados se hallaban en una muy baja condición física cuando se comparaban 
con los individuos de Campoazálvaro  y los Monegros. La caracterización de las 
serovariedades y de los grupos genéticos indica la diferención zonal de la bacteria. 
Mientras que las serovariedades típicas de  los Llanos  fueron las variedades A y C de 
C.psittaci., los cernícalos de Campoazálvaro  y los Monegros fueron positivos a las 
serovariedades F y G, típicas de rapaces (VANROMPAY et al, 1993; KALETA y 
TADAY, 2003). Muy pocos estudios en fauan salvaje describen también los grupos 
genéticos. En este caso los grupos típicos de los Llanos están localzados 
fundamentalmene en el grupo I con algunos aislados del grupo III. Los cernícalos primilla 
de Campoazálvaro y los Monegros se agruparon fundamentalmente en el tipo II y tan solo 
algunas en el I y III. Para finalizar, los cernícalos vulgares Campoazálvaro y los 
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Monegros presentaron aislados de los grupos  II y III. Estos resultados permiten unir las 
Chlamydophila con su posible origen, que salvo en el caso de C.p. serovariedad I se 
desarrollan en aves. La serovariedad A (encontrada en  los Llanos) se desarrolla en 
psitácidas, palomas y algunos córvidos (VANROMPAY et al, 1993; KALETA & 
TADAY, 2003), mientras que la serovar C se desarrolla en cigueñas (VANROMPAY et 
al, 1993; KALETA & TADAY, 2003).  Las rapaces no son los hospedadores naturales de 
estas serovariedades. En cambio, las rapaces de Campoazálvaro y los Monegros estaban 
infectadas por las serovariedades F y G  que solo provocan en las aves de presa la 
enfermedad clínica en caso de disrupción inmunológica, y son  consideradas estas como 
moderadamente patogénicas en sus hospedadores naturales ((VANROMPAY et al, 1993; 
KALETA & TADAY, 2003.  
 
El aborto enzoótico es endémico en muchas zones de  España, incluida la zona de 
estudio de Extremadura donde se produjo el brote de Chlamydophila (MARTIN & 
AITKEN, 1991). Los abortos y las madres con sus placentas permanecen en muchas de 
estas zonas libremente en el campo sin asistencia veterinaria.  
 
Con este trabajo hemos descubierto dos vías potenciales de contagio de 
Chlamydophila para la fauna salvaje: la ingestión y la inhalación Por una parte los 
invertebrados pueden contagiarse por el consumo de los restos de los abortos, de los 
cadáveres o  de las heces de los ejemplares infectados, infectando con su ingestión a los 
cernícalos. Por la otra parte, la existencia de C. psittaci en los fomites de las parideras de 
ovejas y en los nidos de cernícalo sugieren que esta bacteria también se podría propagar a 
los cernícalos por vía aerógena desde estos lugares. Por ello, la toma de medidas para 
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impedir la propagación de Chlamydophila debería incluir: 1) la vacunación de la cabaña 
ovina extensiva de la zona frente a Chlamydophila abortus (ANONYMOUS, 2002) y 2) 
el incremento de los controles de salud y limpieza de las explotaciones de las zonas en 
riesgo.  
 
 Chlamydia suis y C. muridarum  no se habían aislado hasta el momento de aves 
salvajes. Por lo menos no existe ningún artículo donde se haga patente. Estas dos especies 
son típicas de cerdos y de roedores de laboratorio (ANDERSEN and FRANSON 2007). 
En principio este hecho sugiere dos casos más de transmission cruzada de patógenos de 
mamíferos a aves, lo cual debería provocar una reacción inmunitaria elevada. Este hecho 
se constata con C. suis, pero todos los casos de infección con esta especie también  están 
infectados con Chlamydophila abortus, por lo que no se puede identificar realmente al 
causante de esta reacción. 
 
El cernícalo primilla está considerado dentro del estatus de conservación de la 
UICN  como “casi amenzado” en toda su área de distribución (VERGARA et al, 2008), 
habitando zonas de cultivo y praderas (CRAMP y SIMMONS, 1980). Extremadura posee 
más del 25% de las parejas de cernícalo primilla de España, habiendo mostando esta 
población signos de recuperación en los últimos años (ATIENZA y TELLA, 2004). El 
cernícalo vulgar, por otra parte es la rapaz más común de España, aunque su población 
muestra signos negativos en Europa (TUCKER y HEATH, 1994). El cambio en las 
practices agrícolas, así como la persecución directa han sido las causas tradicionales de la 
rarefacción de ambas especies (TUCKER y HEATH, 1994; BUSTAMANTE, 1997; 
ATIENZA y TELLA, 2004, RODRIGUEZ et al., 2006). Pero otros problemas, como la 
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emergencia de enfermedades infecciosas pueden cuestionar los esfuerzos de conservación 
que se están llevando a cabo, pudiendo causar importantes mortalidades e incluso la 
extinción local de las especies, especialmente en el caso del cernícalo primilla 
(FRANSON & PEARSON, 1995, HERRMANN et al, 2006, PENNYCOTT et al, 2009). 
Las poblaciones salvajes están inmunológicamente preparadas para los patógenos 
presentes en el medio ambiente circundante, pero los cambios en las serovariedades 
generalmente implican mortalidades (FROLICH et al, 2002; DAVIDSON & SILVA 
2008, HERNANDEZ-DIVERS et al, 2008, PARRISH et al, 2008). Nuestro estudio trata 
de enfatizar sobre la necesidad de los controles veterinarios como una herramienta útil 
para los planes de conservación y la detección de riesgos en especies de fauna salvaje.   
 
 
3.11 Salmonella spp es un patógeno dependiente del consumo de reptiles por parte 
de los cernícalos vulgares (Capítulo 9) 
Para realizar la comparativa de la prevalencia de Salmonella en las diferentes zonas de 
estudio comenzamos con  el estudio de la dieta de los cernícalos en las tres zonas 
muestreadas.  Los resultados indican que el espectro trófico varía  estadísticamente según 
las zonas. Así  en Campoazálvaro los cernícalos consumen muchos más reptiles que en 
las otras poblaciones. La comparación entre poblaciones muestra claramente diferencias 
entre Campoazálvaro y Madrid, y entre Campoazálvaro y Badajoz, pero no entre Madrid 
y Badajoz.  
Prevalencia de Salmonella en reptiles  
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No se aprecian diferencias significativas entre áreas, aunque si que los serotipos varian 
entre áreas. La prevalencia de Salmonella enterica enteritidis muestra diferencias 
significativas entre áreas, encontrándose con menor frecuencia en Campoazálvaro que en 
las otras poblaciones, pero no se encuentran diferencias entre Madrid y Badajoz. En el 
caso de Salmonella enterica typhimurium encontramos también diferencias entre áreas, 
siendo más común en Madrid que en las otras dos áreas, y no se encuentran diferencias  
en la comparativa entre Campoazálvaro  vs. Badajoz. S. e. ovis se encontró tan solo en 
reptiles de Badajoz, siendo la diferencia también significativa.  El resto de los serotipos 
(Heidelberg, Hadar, Munchen, Newport, pomona, bovismorbificans and Virchow) fueron 
tan solo aislados de los individuos de Campoazálvaro, observándose diferencias 
significativas paraS.e. pomona y para S. e. hadar entre Campoazálvaro y Badajoz. Las 
restantes diferencias no fueron significativas.   
Prevalencia de Salmonella en los cernícalos 
No existen diferencias en cuanto a la prevalencia total de Salmonella  entre poblaciones, 
entre sexos o entre la interacción interacción población*sexo. De manera similar la 
prevalencia no fue significativa entre las poblaciones y el sexo en ninguno de los 
serotipos aislados o en la interacción entre población*sexo.       
En el caso de los volantones los resultados revelan diferencias significativas en la 
prevalencia total de Salmonella entre poblaciones. Los volantones de Campoazálvaro 
muestran la prevalencia más alta (19.2 %), seguidos por los de  Badajoz (5.2 %) mientras 
que los de Madrid no mostraron ningún tipo de infección. Estas diferencias se deben al 
serotipo  S. e. enteritidis, siendo el único serotipo con diferencias significativas entre 
poblaciones. El resto de serotipos no muestran diferencias significativas. S. e. ovis solo se 
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aisló en  Badajoz y el resto de serotipos (Heidelberg, Hadar, Munchen, Newport, 
Pomona, bovismorbificans and Virchow) fueron tan solo aislados en Campoazálvaro. 
Nuestro estudio muestra diferencias en la dieta de los cernícalos en las tres 
poblaciones estudiadas. Insectos y micromamíferos son consumidos comunmente en las 
tres poblaciones (más del 60%  y del 35% de las egagrópilas contenían estos tipos de 
residuos respectivamente). Aves y anfibios son consumidos con mayor frecuencia en 
Madrid y Badajoz que en Campoazálvaro.  Sin embargo los reptiles son mucho más 
consumidos en Campoazálvaro que en las otras poblaciones.   
Los reptiles encontrados fueron positivos a Salmonella en la mayor parte de los 
casos. En España, BRIONES et al. 2004 reportan una prevalencia de más del 70 %. Este 
dato está corroborado por nuestro studio, en el que el 78% de los individuos portan 
Salmonella. Salmonella enteritica enteritidis es la serovariedad máa comunmente 
encontrada en cernícalos y reptiles, sugiriendo que el consumo de reptiles por parte de los 
cenícalos puede ser la vía principal de transmisión de Salmonella., ya que la población 
con mayor consume de reptiles (Campoazálvaro) posee también la mayor prevalencia de 
Salmonella en volantones. 
Este resultado se soporta además por el hecho de que tan solo un topillo 
campesino (Microtus arvalis) de los 395 micromamíferos analizados fue positivo a 
Salmonella. Las especies muestreadas incluyeron la musaraña común (Crocydura 
russula) (n = 67), el topillo campesino (Microtus arvalis) (n = 141) el ratón doméstico 
Mus musculus. (n = 144) y la rata común (Rattus norvegicus) (n = 43), que son las 
especies más comunmente capturadas por los cernícalos en las zonas de estudio. En el 
trabajo de BRIONES et al. 2004 no había aislamientos de Salmonella en anfibios, aunque 
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en otros trabajos si que se han aislado de invertebrados y de aves (DAOUST y 
PRESCOTT 2007, FOLEY et al. 2008). En las tres poblaciones el consumo de 
invertebrados  es similar, mientras que el consumo de aves es mayor en las poblaciones 
con menor prevalencia de  Salmonella. Aun así, nuestro estudio se debe de considerar 
como correlacional y otros muchos factores ambientales, fisiológicos e inmunitarios 
deberían ser tenidos en cuenta a la hora de valorar la alta prevalencia de Salmonella en 
Campoazálvaro con respecto a  Madrid y Badajoz.  Las razones que podrían ser 
consideradas dentro de los factores ambientales incluyen la dinámica de temperatures 
dentro de Campoazálvaro, que podría ayudar a una mayor persistencia de Salmonella en 
los reptiles (con menor tasa de defecación y excreción de Salmonella) o los diferentes 
medios de persistencia ambiental de Salmonella  en Campoazálvaro respecto a Madrid y 
Badajoz, al ser un microclima más húmedo y templado, como se habla en MURRAY, 
1991, DAVIES  y WRAY 1996 o BARBER et al, 2002. Estos mecanismos nunca han 
sido estudiados en poblaciones de reptiles salvajes y podrían el siguiente escalón de 
estudio de la dinámica patogénica de esta especie. En relación a la fisiología e inmunidad 
de los cernícalos, las razones que podrían afectar  su fisisiología e inmunidad incluyen la 
gran proximidad entre nidos, que podría aumentar el estrés interparejas, la gran altura a la 
que se asienta esta población y el coste inmunitario de vivir a esta altura. 
 La prevalencia de Salmonella en las diferentes poblaciones de cenícalo no difiere 
entre zonas, pero no así en volantones, como se comentó anteriormente, indicando que la 
infección por Salmonella no se transmite de igual manera en volantones y adultos. En el 
caso de Campoazálvaro  los progenitores y los pollos parecen tener la misma prevalencia 
(19.6 % and 19.2 %, respectivamente), mientras que en las otras poblaciones los adultos 
tienen mayor prevalencia, e incluso los pollos no poseen Salmonella en la población de 
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Madrid. Esto implica que la transmission de padres a hijos parece no ser importante, ya 
que la vía de transmission principal parece ser oro-fecal (THOMAS et al, 2007) y los 
padres defecan habitualmente fuera del nido. Pero Salmonella también se puede transmitir 
verticalmente de padres a hijos a través del huevo, auqnue esta vía de transmisión nunca 
se ha estudiado en aves salvajes. 
Aunque las poblaciones de cernícalo común presentes en la Península Ibérica se 
consideran sedentarias  (MARTINEZ-PADILLA 2006)  algunas de las poblaciones 
presentes en zonas montanas se mueven al sur en invierno, como es el caso de la 
población de Campoazálvaro, llegando incluso a África (datos del Centro de Aves 
Migratorias, SEO/BirdLife), quedándose en Campoazálvaro tan solo el 10% de los 
individuos (FARGALLO 1999). Por esta razón es esperable que los volantones reflejen 
mejor que los adultos la patogenicidad ambiental de la población de cernícalos, además 
de la posible baja existencia de transmisión vertical. Así mismo explicaría el diferente 
patrón de prevalencia de Salmonella entre volantones y adultos. 
Es interesante hacer notar que algunas de las cepas de Salmonella aisladas de los 
cernícalos y de los reptiles son típicas del ganado presente en el área. En Campoazálvaro, 
un área de uso bovino en extensivo, los reptiles y los cernícalos presentes portan 
Salmonella bovismorbificans. En Badajoz, por otra parte, donde existen explotaciones de 
ovino en extensivo, se aisla Salmonella ovis en los cernícalos y en los reptiles. Estas dos 
serovariedades no se encontraron en la población de Madrid donde no existen 
explotaciones ganaderas. Esto sugiere que las serovariedades de Salmonella pueden 
indicar la polución patogénica potencial de las prácticas ganaderas en fauna salvaje, un 
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hecho que se cita cada vez más pero que tan solo se ha demostrado en MURRAY 1991 o 
en BARBER et al, 2002. 
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CONCLUSIONES 
 
Rapaces carroñeras 
 
1. Las actividades ganaderas pueden tener múltiples influencias en las poblaciones 
de aves carroñeras. En especial, estas actividades aportan la gran mayoría de alimento 
consumido por estas especies. Por lo tanto, las características nutricionales, el contenido 
de sustancias potencialmente tóxicas (fármacos de prescripción veterinaria), y la carga de 
parásitos y patógenos presentes en el ganado pueden estar teniendo efectos fisiológicos 
que afecten a la salud de los individuos y, por tanto, a la dinámica de sus poblaciones.  
 
2. La flora bacteriana intestinal de la aves esta estrechamente relacionada con el 
alimento consumido. En el caso de las aves carroñeras, esta flora puede modificarse por la 
composición de la propia flora de las especies de ganado de cuyos cadáveres se alimentan 
las aves, así como por su contenido en fármacos.  
 
3. La medicación intensiva del ganado en régimen estabulado tiene consecuencias 
directas sobre la ingestión de múltiples fármacos ingeridos junto con la comida utilizada 
por la especies de aves carroñeras. Teniendo en cuenta que no hemos determinado la 
presencia de todas las fármacos administrados al ganado y  potencialmente presentes en 
los buitres, la situación puede ser más preocupante, ya que otros fármacos de efectos igual 
o más perniciosos pueden también estar presentes en las carroñas, como por ejemplo 
hormonas o compuestos utilizados como eutanásicos en los animales, aspectos que están 
siendo investigados en la actualidad. 
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4. Las fluoroquinolonas pueden conducir al daño articular en los embriones de 
aves carroñeras que se alimentan de cadáveres de ganado medicado con tales fármacos. 
Para nuestro conocimiento, estos datos son los primeros conocidos sobre los efectos de 
fármacos de prescripción veterinaria  en embriones de animales salvajes. Estos efectos 
podrían explicar parcialmente el reducido éxito en la reproducción que en la actualidad 
presentan las aves carroñeras en muchas regiones españolas.  
 
5. Los fármacos de prescripción veterinaria pueden estar teniendo un papel 
importante en la mortalidad y regresión poblacional de las aves carroñeras. Por ejemplo, 
una gran mayoría de los individuos ingresados en el centro de recuperación utilizado 
como muestra en este estudio presentaban residuos de fármacos de prescripción 
veterinaria, con frecuencia en distintas combinaciones, independientemente de la causa 
que provocó su ingreso, incluyendo electrocución, disparo, etc. Por lo tanto, la 
intoxicación severa por fármacos de uso ganadero o bien sus consecuencias sobre la 
salud, especialmente la inmunodepresión y como consecuencia la adquisición de 
múltiples patógenos, es en la actualidad una de las principales causas de ingreso de aves 
carroñeras en los centros de recuperación del centro peninsular, especialmente en el caso 
del buitre negro. 
 
6. Las fluoroquinolonas parecen ser más perjudiciales para la salud de los buitres 
que los AINEs y antiparasitarios usados en ganadería en España. El impacto potencial 
perjudicial de los antibióticos sobre la salud de los buitres del subcontinente indio no ha 
sido evaluado a pesar del probable empleo frecuente de estos medicamentos en las 
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prácticas ganaderas aplicadas en esta región. Por lo tanto, la posible ingestión de 
antibióticos y sus potenciales efectos en la dramática disminución de las poblaciones de 
buitres en el subcontinente indio no deberían ser pasados por alto sin investigación 
adicional. 
7. La presencia de residuos de medicamentos de uso veterinario en aves carroñeras 
nidificantes en España central muestra una tendencia positiva durante los últimos años, 
especialmente tras la aplicación de la normativa referente a la prohibición de abandonar 
cadáveres de ganado extensivo en el medio natural tras la crisis de la encefalopatia 
espongiforme bovina. Este incremento se debe al mayor consumo de carroña de ganado 
criado en condiciones intensivas presentes en muladares que constituyen lugares de 
alimentación donde el alimento es abundante, esta concentrado y es espacial y 
temporalmente predecible. Estos cambios en los patrones de aprovechamiento del 
alimento pueden estar teniendo consecuencias importantes en la dinámica poblacional y 
conservación de las poblaciones de aves carroñeras.  
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Rapaces depredadoras (cernícalos) 
 
1. La hipótesis que indica  que el polimorfismo del MHC evoluciona en respuesta 
a la exposición a un mayor número de patógenos se corresponde con los resultados 
obtenidos en el presente estudio utilizando dos especies congenéricas de aves 
depredadores (cernícalos primilla y vulgar) en distintos contextos geográficos y 
poblacionales. La globalización en la distribución de los patógenos asociados a las 
actividades humanas puede derivar en un mayor riesgo de regresión poblacional, e incluso 
extinción, de especies amenazadas, contribuyendo así a la pérdida de biodiversidad a 
escala global. La barrera de seguridad más importante ante estos patógenos es el sistema 
inmune. El muestreo de la variación de los genes inmunológicamnete más relevantes es 
una de las herramientas más adecuadas para poder predecir y modelar los parámetros 
epidemiológicos a este respecto.  
 
2. El análisis de la respuesta inmune celular es complejo por la diversidad de 
intereacciones potenciales entre los distintos parámetros implicados. El estudio de los 
lifoncitos T puede ser una herramienta muy útil ante infecciones naturales en especies de 
aves salvajes. En nuestro caso hemos observado como dos líneas linfocíticas (CD4 and 
CD5) responden aumentando su número de manera significativa ante una infección 
natural, evidenciando una estimulación del sistema inmune de base celular inducida por el 
patógeno  Sin embargo esta respuesta inmune no se ha visto reflejada en una reacción 
frente a otras pruebas de elección en inmunoecología , como son la respuesta a la 
fitohemaglutinina, a los contajes de linfocitos totales o a una respuesta en el patrón de 
inmunoglobulinas. 
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3. Los esfuerzos para la conservación de especies amenazadas, como el cernícalo 
primilla, pasan en gran medida por una rápida y correcta identificación de los patógenos 
asociados o emergentes. Los brotes epidémicos asociados a la aparición y acción de estos 
patógenos pueden causar importantes regresiones a una escala local o global dependiendo 
de distintos factores. Las poblaciones naturales están preparadas inmunológicamente para 
los patógenos presentes en su área de distribución, pero cambios tan sutiles como la 
aparición de una serovariedad nueva a la que el hospedador no está acostumbrado pueden 
implicar brotes de mortalidad muy severos.  Estudios como el que presentamos con 
Chlamydophila abortus como patógeno primario de dos especies de cernícalo ponen de 
manifiesto la necesidad de controles veterinarios más severos (quizá policía sanitaria) 
como herramientas útiles y básicas para llevar a cabo los planes de conservación y la 
detección de riesgos en especies salvajes.  
4. Existe una asociación entre la prevalencia de Salmonella en los cernícalos y  la 
proporción de reptiles incluidos en su dieta. Esto se desprende del hecho de que la 
población con mayor consumo de reptiles es también la que mayor prevalencia de 
Salmonella presenta, aunque la diferencia es sólo significativa en el caso de los 
volantones. Esto sugiere que el estudio en volantones refleja mejor la patogenicidad 
ambiental de un área determinada que el estudio en adultos. Aunque Salmonella es una de 
las bacterias más prevalentes en la flora intestinal de los reptiles, también existen clínicos 
en estos. Esta dualidad comensal-patógeno observada en reptiles podría ocurrir a su vez 
en los cernícalos, que podrían padecer la enfermedad o ser simplemente portadores según 
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la patogenicidad de la Salmonella que portan, de la carga  ingerida o del estado 
inmunitario de los cernícalos.  
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CONCLUSIÓN INTEGRADORA 
 
La polución patogénica del medio ambiente de las poblaciones de los dos modelos de 
aves rapaces estudiadas indica que existe una correlación evidente entre la aparición de 
patógenos de oridgen ganadero y la presencia de actividades ganaderas mal reguladas, ya 
sean de tipo extensivo o intensivo. Así mismo la existencia de granjas de cría intensiva de 
suidos y aves de granja en las zonas periféricas a las zonas de cría de las aves carroñeras 
está correlacionada con la aparición de residuos de  fármacos de uso veterinario 
circulantes en las mismas. Regular o legislar el modo y las condiciones de los controles 
sanitarios  y vacunaciones pertinentes sería el eje para poder eliminar gran parte de la 
polución patogénica del medio ambiente. Por otra parte, crear una legislación que incluya 
el uso tradicional por parte de las aves carroñeras de las carroñas de rumiantes en 
extensivo, así como la prohibición de aportar  reses tratadas a los muladares serían dos 
herramientas de gran valor para conseguir eliminar los residuos de fármacos de uso 
veterinario de la cadena trófica de las rapaces necrófagas. 
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Capítulo 1 
 
Faecal bacteria associated with different diets of wintering red kites: influence of livestock 
carcass dumps in microflora alteration and pathogen acquisition 
 
Guillermo Blanco, Jesús A. Lemus  and Javier Grande 
 
 
1. Despite the important role of refuse dumps for the conservation of threatened avian scavengers, 
there is no information about the direct effects on health from feeding on meat remains found at 
these places, including the potential for infection by pathogenic bacteria. 
2. We assessed composition, richness and prevalence of faecal microflora of wintering red kites in 
two areas of central Spain where kites primarily fed on carrion from stabled livestock reared at 
intensive conditions (Segovia) vs. wild prey (Madrid). 
3. Faecal bacterial flora composition, species richness, prevalence and the degree of overgrowth by 
some bacterial species differed between areas. These differences were attributed to diet and the 
environmental conditions where kites obtain most of their food. The intestinal microflora of kites 
feeding on carrion from stabled livestock (mostly fattening pigs) differed from the flora considered 
to be normal for a healthy raptor. 
4. Salmonella sp. was found in a relatively high proportion of samples from Segovia (25%), with a 
6% of samples in pure culture (serotypes enteritidis and gallinarum). If these serotypes cause 
disease in kites and other raptors as they do for poultry and some other birds, there may be cause for 
concern of health problems for an important segment of the red kite wintering population. 
5. Synthesis and applications. Effort to reconcile the elimination of livestock carcasses and the 
conservation of avian scavengers should consider the implementation of measures to ensure that 
meat from carrion disposed in muladares does not pose major hazards for those scavengers. More 
research is needed on the links between diet and health of avian scavengers exploiting refuse 
dumps, especially the implications of acquisition and dissemination of pathogens from those wastes 
for avian conservation and public health. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                             Journal of Applied Ecology. 43, 990–998. 2006. 
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Introduction  
 
The role of wild animals as reservoirs and disseminators of pathogens of potential zoonotic 
importance is increasingly studied because of implications for public health (Bengis et al. 2004), 
but rarely due to its implications for the conservation of wildlife (Friend, McLean & Dein 2001; 
Daszak, Cunningham & Hyatt 2000). Birds feeding at refuse dumps, abattoirs and other sources of 
domestic refuse and offal have been argued to act in the dissemination of bacterial pathogens 
associated with those food sources (Houston & Cooper 1975; Winsor, Bloebaum & Mathewson 
1981; Hatch 1996). Some avian scavengers greatly depend on food found at muladares (places 
where livestock carrion is intentionally discarded for elimination by these species) and other refuse 
dumps (Donázar et al. 1997). These places have acquired great importance in the conservation of 
avian scavengers in the Mediterranean because of the decline of their main wild prey. Also, recent 
changes in farming systems and health regulations have made un-stabled livestock carrion scarce or 
inaccessible elsewhere in Spain (Tella 2001). 
Among avian scavengers greatly dependant on carrion from muladares, red kites Milvus 
milvus (Linnaeus) have suffered a major decline throughout their breeding and wintering range in 
Spain during the last decade (Viñuela, Martí & Ruíz 1999). This decline has been attributed to 
human persecution, especially through illegal poisoning (Blanco & Montoya 2004), and the 
progressive loss of many carrion dumping sites (Donázar et al. 1997), especially after the bovine 
spongiform encephalopathy (BSE) crisis. Because muladares and other refuse dumps are a source of 
superabundant and predictable food, they may be crucial for the conservation of wintering red kites 
and other threatened avian scavengers (Blanco 1997; Donázar et al. 1997; Serrano 1999). This role 
seems evident in several Spanish areas based on the high proportion of wintering red kites 
exploiting food resources at muladares (Viñuela et al. 1999). In contrast, kites in other areas form 
smaller wintering populations and feed more naturally on wild prey and carrion from un-stabled 
livestock grazing freely (Blanco, Hiraldo & Heredia 1990; Ortega & Casado 1991; Viñuela et al. 
1999). These differences suggest that different scenarios of food abundance and type may influence 
species conservation. However, information is lacking about health effects from feeding on meat 
remains found in muladares, including the potential role of infection by pathogenic bacteria. In 
addition, little information is available about how feeding on livestock carrion may influence 
bacterial flora, independently of potential pathogenicity, in kites and other scavengers (Houston & 
Cooper 1975; Winsor et al. 1981; Rodrigues et al. 2003). This knowledge may be important for the 
conservation of red kites given the large wintering population feeding on livestock carcass in Spain, 
the main stronghold for the declining European population (Viñuela et al. 1999).  
We report composition, richness and prevalence of faecal microflora of wintering red kites 
in two areas of central Spain where the availability and use of different food resources results in 
different diets. These areas also differ in the number of wintering red kites, and thus, their 
importance for the conservation of the wintering population. We assessed whether feeding on 
livestock carcass from muladares influenced overgrowth of species of bacteria and the composition 
of the faecal microflora. Bacterial overgrowth and its effects on microflora composition may have 
negative effects on bird health and thus, the status of this declining species. This may be especially 
true for pathogenic bacterial infections associated with domestic animals meat wastes, including 
foodborne salmonellosis (Wray & Wray 2000). This disease may cause mortality and other negative 
effects on the health of survivors (Battisti et al. 1998; Tizard 2004). Suggestions are made to 
attempt reconciling the elimination of livestock carcasses and the conservation of avian scavengers, 
which may also have implications in reducing the risk of infection and dispersion of pathogens 
affecting farm animals and humans.  
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Methods 
 
STUDY AREAS 
 
The study was conducted during January-March 2004 in two areas located in central Segovia 
province and north-western Madrid province, central Spain. In these areas, we selected two 
different communal roosts located in Torredondo (Segovia A hereafter) and Escobar de Polendos 
(Segovia B) and a communal roost in the Madrid study area (Alalpardo). Red kites from the 
selected communal roosts in the Segovia province form part of a large wintering population 
exploiting livestock carcass (especially pigs) disposed in dumping sites near rearing farms (Sunyer 
& Viñuela 1994). This area has traditionally been used by large numbers of wintering red kites 
gathering in more than 20 known communal roosts and, therefore, it is considered as one of the 
main strongholds for wintering red kites from central Europe (Viñuela et al. 1999). Segovia 
province also had one of the highest breeding densities of red kites recorded in Spain during the 
national census of 1994 (Viñuela et al. 1999). Since then, partial censuses have confirmed a major 
population decline (Blanco & Montoya 2004). Kites from the Madrid area form the only wintering 
group in this area. Presumably, they mostly feed on wild rabbits (Oryctolagus cuniculus) which are 
present in large numbers. Approximately 110, 150 and 60 red kites constantly roosted at poplar 
plantations in Madrid, Segovia A and Segovia B, respectively during the study period.  
 
DIET  
 
Diet of red kites was assessed by determining the content of regurgitated pellets collected during 
January and February beneath the trees used as communal roost sites. Prey remains from pellets 
were identified by macroscopic comparisons with skeletal and skin reference collections. To 
quantify diet, we used the percentage of pellets in which each kind of prey occurred instead of other 
methods (Blanco et al. 1990), because most pellets were composed of hair of prey (commonly large 
livestock carrion, voles and wild rabbits) that makes it impossible to accurately quantify the number 
of prey. Prey were grouped in five categories to assess diet differences between areas: livestock 
carcass (including pigs, cows, sheep, poultry and domestic rabbits), wild rabbits and hares (Lepus 
granatensis), small rodents, wild birds and insects. The number of different kinds of prey in each 
pellet was recorded to assess the variability of diet in individual kites between areas. 
 
FAECAL MICROFLORA 
 
Fresh faeces found beneath the trees used by communally roosting red kites were sampled with 
sterile microbiological swabs that were subsequently inserted into tubes containing Amies 
transport medium. Sampling was conducted early in the morning, just when kites have left the 
roost. Samples were transported in a container with ice to the laboratory within the same day of 
collection and processed within one to two hours following their arrival there. A total of 60 
samples were collected in Segovia A (n = 30 in January and n = 30 in March), 20 samples in 
Segovia B (January) and 33 samples in Madrid (11 in January and 22 in February). 
 Prevalence of each bacteria species (or genera in the case of unidentified species) between 
areas and between collection periods within each area was compared by means of Fisher’s exact 
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and G tests. When multiple comparisons were performed on the prevalence of the different 
bacterial species or genera between samplings, roosting sites and areas, the sequential Bonferroni 
correction was used to adjust the significance level to control Type I error rates. To assess 
differences in the bacterial communities among roosting sites, we calculated similarity of species 
composition with the Jaccard index for each pair of roost sites using EstimateS Version 7.5 
(http://viceroy.eeb.uconn.edu/estimates). The index is written: J = a/(a + b + c), where a 
represents the number of species common to each roost, b represents the number of species 
unique to the first database, and c represents the number of species unique to the second 
database. This index ranges from 1.0 when species composition is identical between locations to 
0.0 when two locations have no species in common (Magurran 1988). Quantitative affinities 
among roosting sites were identified by computing Spearman correlation rank coefficients using 
bacterial prevalence values. For classification (clustering), the UPGMA (unweighted pair-group 
method using arithmetic averages) method was used considering the Jaccard index (qualitative 
analysis) and the Spearman rank correlation coefficients (quantitative analysis) values. Overall 
bacterial species richness in each roosting site was compared by visual inspection of species 
accumulation curves derived from the means of 50 randomizations of sample order using 
EstimateS (see above reference). 
  
MICROFLORA CULTURE AND IDENTIFICATION 
 
For the Enterobacteriae, samples were cultured on 5% sheep blood agar, chocolate agar, and 
McConkey agar, to avoid Proteus sp overgrowth. Plates were incubated at 37ºC, either in normal 
atmospheric and microaerophilic (10% CO2) conditions respectively, for 24h. All suspect colonies 
were then subcultured on appropriate medium and identified as species by using multi-substrate 
identification stripes (API 20 E; Bio Merieux). We did not use strict anaerobic conditions for 
Clostridium culture to avoid the loss of most bacterial species. Thermolabile species such as 
Campylobacter sp. could not be isolated by sampling faeces.  
For Salmonella, samples were cultured using two selective media: SM ID agar  
(BioMerieux) and xylose-lysine-desoxycholate (XLD) agar (Difco). A selective enrichment 
procedure was performed on faecal samples. Pre-enrichment was carried out in peptone broth 
(Difco), and then 1 ml was cultured on selenite brilliant green broth (Difco) and subcultured on 
solid media SM ID agar and XLD agar. Plates were incubated at 37ºC, either in normal atmospheric 
and microaerophilic (10% CO2) conditions respectively, for 24h, except for the peptone broth, 
which was incubated at 37ºC for 16 h. Confirmation of the identification of Salmonella species 
were performed using standard methods (Holt et al. 1994). Salmonella serological typing was 
performed at the Laboratorio Central Veterinario (Algete, Madrid, Spain).  
 
Results 
 
BETWEEN-AREAS DIFFERENCES IN RED KITE DIET  
 
Diet composition clearly differed between the Madrid and Segovia areas (Table 1). Pellets from the 
Madrid area were mostly composed of natural prey remains, especially wild rabbits. Pellets from 
Segovia showed a similar percentage of occurrence of livestock carrion, especially pig remains 
from muladares, and wild prey, especially common voles Microtus arvalis (57.0%). Other kind of 
prey includes wild birds and insects in Madrid and Segovia (Table 1).  
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 The number of different kinds of prey found in individual pellets was higher in Segovia 
(median = 2) than Madrid area (median = 1, Mann-Whitney U-test, z = 5.588, P < 0.0001). 
 
MICROFLORA COMPOSITION 
 
The intestinal microflora of kites from the Madrid roost site was composed of normal faecal 
bacteria as well as bacteria typical of the skin and intestinal flora of their main prey (wild rabbits) 
(Table 2). Microflora of kites from the Segovia roost sites also was composed of normal faecal 
bacteria and bacteria commonly present in their food (Table 2), especially meat from pigs, poultry 
and other livestock carcasses. In addition, bacteria associated with sewage and sludge commonly 
occurring in sites for disposal of livestock carcasses and municipal solid waste were present (Table 
2). 
According to the cluster analysis for present vs. absent species (Jaccard´s similarity index), a 
higher similarity in microflora composition existed between the two roost-sites of Segovia 
(dissimilarity value = 0.16) in comparison with the Madrid area (dissimilarity value = 0.59, Fig. 1). 
In fact, all species present in Segovia B (n = 21) were present in Segovia A (Table 2), while only 
four species or unidentified genera present in Segovia A were not recorded in Segovia B. In 
contrast, only 10 of 26 bacterial species isolated from all the samples were recorded in both the 
Madrid and Segovia areas (Table 2).  
Overall, the number of Gram-positive and Gram-negative bacterial species did not differ 
between Segovia roost sites (χ21 = 0.000, P = 1.00, with Yates’ correction) nor between Segovia 
(pooling both roost sites) and Madrid areas (χ21 = 0.349, P = 0.555, with Yates’ correction). 
 
SEASONAL AND SPATIAL DIFFERENCES IN PREVALENCE OF BACTERIA 
 
Prevalence did not differ between months for most (10 of 11) bacterial species recorded in Madrid 
(all P > 0.27), except for Klebsiella sp, which showed a higher prevalence in January (45.5%, n = 
11) than in February (4.5%, n = 22, Fisher exact test, P = 0.010, which turned not significant after 
Bonferroni correction). Similarly, we found no significant seasonal differences in prevalence of 
bacterial species isolated from the Segovia A roost site (all P > 0.11). On this basis, we pooled data 
from different samplings in each roost site for subsequent analyses. 
The Spearman’s coefficient of correlation (quantitative analysis) on prevalence values 
recognized the affinity of the two roosts of Segovia (dissimilarity value = 0.27) vs. the Madrid roost 
site (dissimilarity value = 0.60), as in the case of species composition (Fig. 1). These overall 
similarities among roosting sites were influenced by prevalence values for specific bacterial species 
in each area. In fact, differences in prevalence of bacterial species or genera isolated from the 
Segovia roosting sites were statistically significant in only 2 of 25 (8%) comparisons (Table 2). 
However, differences in bacterial prevalence between the Madrid and Segovia areas (pooling both 
Segovia roosting sites) were statistically significant in 9 of 25 (36%) cases. By applying the 
Bonferroni correction only differences in prevalence of Enterobacter cloacae remained significant 
in the comparisons between roost-sites in the Segovia area, while up six bacterial species 
maintained significant differences between the Madrid and Segovia areas (Table 2). These 
differences were partly due to contrasting microflora composition between areas, as three species 
(Enterococcus suis, Citrobacter freundii, Proteus vulgaris) with a prevalence ≥ 25% in Segovia 
were not found in Madrid (Table 2). The remaining differences were due to a higher prevalence in 
Madrid than in the Segovia area for bacterial species recorded in both areas, except for Salmonella 
sp, which was recovered more frequently in Segovia than in Madrid (Table 2). We found no 
  158
significant differences between areas for cosmopolitan enteric species (Escherichia coli, 
Enterococcus faecalis, Enterococcus faecium), which presented prevalences > 40% in both areas, or 
in the case of species or genera not found in the Madrid area but with a low prevalence in Segovia 
area (Table 2). 
  
SPECIES RICHNESS 
 
Overall, 11, 25 and 21 species or genera of unidentified species of bacteria were found in faeces 
from the Madrid, Segovia A and Segovia B roost sites, respectively (Table 2). To assess whether 
these differences between roost sites were due to sample size, or to real differences in species 
richness, we plotted the number of accumulated species as a function of sample number (Fig.2). 
Visual inspection of species accumulation curves showed that the accumulation rate was lower in 
the Madrid than in the Segovia roosting sites. The different shapes of accumulation curves (Fig. 2) 
suggest a contrasting evenness in the prevalence of bacterial species between areas (Table 2). 
Between-areas comparisons of the number of species with a relative low (<15%) or high (>15%) 
prevalence showed a bias towards less prevalent bacteria in Segovia (median prevalence = 6.3) as 
compared with the Madrid area (median prevalence = 36.4; Fisher exact test P = 0.034). However, 
the number of species with a relatively low or high prevalence did not differ between roosting sites 
in Segovia (median prevalence = 6.7 and 10.0 for Segovia A and B respectively, χ21 = 0.170, P = 
0.689, with Yates’ correction).  
 The number of bacterial species isolated per sample did not differ between roost sites from 
the Segovia area (Mann-Whitney U-test, z = -0.912, P = 0.362, pooled mean = 4.03 ± 0.143, n = 
80). Differences between the Segovia and the Madrid (3.76 ± 1.67, n = 33) areas did not reach 
statistical significance (z = -1.843, P = 0.065) due to the occurrence in Segovia of samples with pure 
cultures of Salmonella sp. (n = 5, see Table 3). By excluding these samples, difference in species 
richness between Madrid and Segovia reached significance (z = -2.531, P = 0.011).  
 
SALMONELLA INFECTION AND SEROTYPES 
 
Salmonella was isolated together with other bacterial species from only one sample in the Madrid 
area. In the Segovia area, we found similar proportions of Salmonella infection isolated in pure 
cultures or together with other bacterial species between both roost sites. Overall about 24% of 
Salmonella isolates were in pure culture. Serotype enteritidis was found in most cases (80%, n = 5) 
of pure cultures, while it was present in about the half (56%, n =16) of the samples where 
Salmonella was isolated together with other species. Only serotypes enteritidis and gallinarum were 
found in pure cultures, while another three serotypes (typhimurium, paratyphi and meleagridis) 
were recorded together with other bacterial species (Table 3). 
 
Discussion 
 
This study documents differences in composition, richness and prevalence of faecal microflora 
associated with the diet of red kites wintering in two areas of central Spain. The biological 
significance of these differences remains to be determined relative to the conservation of red kites 
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and other raptors feeding on carrion at muladares. Red kites from the Segovia area mostly predated 
on common voles and scavenged on livestock carcasses dumped in muladares and swine farm 
surroundings. In contrast, kites from Madrid area mostly feed on wild rabbits. Bacterial flora from 
the Madrid area was characterised by the presence of typical species of the skin and intestinal flora 
of their main prey (wild rabbits), primarily Staphylococcus epidermidis, Klebsiella sp. and 
Corynebacterium sp. (Langan & O’Rourke 2000; authors’ unpublished data). Bacterial flora from 
the Segovia area also was composed of species commonly present in their food, especially meat 
from pigs, poultry and other livestock carcasses (Enterococcus suis, Enterococcus bovis), as well as 
in sewage and sludge (Citrobacter freundii, Proteus vulgaris, Alcaligenes faecalis, Hafnia alvei, 
Providencia rottgeri) commonly occurring in sites for disposal of livestock carcasses and municipal 
solid waste (Lembke & Kniseley 1985). These results indicated that diet can influence faecal 
microflora composition in red kites and agrees with findings for domestic and captive animals 
(Bangert et al. 1988; Schneitz 2005). The effects of diet on faecal microflora rarely have been 
reported for wild birds of different species (Brittingham, Temple & Duncan 1988; Lamberski et al. 
2003). To our knowledge, intraspecific differences in faecal microflora due to diet have never been 
documented before for any bird species in the wild.  
Differences in diet and bacterial flora composition between areas may influence faecal 
microflora species richness, prevalence and the degree of overgrowth of some species over others 
(Bangert et al 1988; Schneitz 2005). Overall, there were about twice as many species or genera of 
unidentified species of bacteria in faeces from Segovia than in those from Madrid roosting sites. In 
addition, the number of bacterial species isolated per sample also was higher in the Segovia than in 
the Madrid area when samples with pure cultures of Salmonella sp. found in Segovia were 
excluded. These differences in species richness may result from different diets and other 
circumstances related to food acquisition between areas. While kites in the Madrid area fed mostly 
on wild rabbits obtained alive or injured due to game hunting (García, Viñuela & Sunyer 1998), 
kites from Segovia had both a high proportion of meat from pigs, poultry and other livestock 
carcasses as well as a seasonally variable proportion of wild prey, especially common voles (Sunyer 
& Viñuela 1994; authors’ unpublished data).  
Flora composition, the high number of bacterial species per sample, and the comparatively 
low evenness of bacterial species prevalence (a high proportion of species with a low prevalence) 
suggest variance of the normal flora for a healthy raptor (Needham 1981; Bangert et al. 1988; 
Lamberski et al. 2003; Tizard 2004) in kites from Segovia. This difference may primarily be due to 
interactions between the normal host flora and more transient flora acquired during feeding on 
livestock carrion at muladares. Among these interactions, those involving competition among 
bacteria may cause alteration of normal flora by inhibiting proliferation of some bacterial species or 
by reducing the number of some bacterial species over others (Schneitz 2005). This may be 
reflected in a particular flora by opportunistic pathogenic and commensal bacteria typically 
associated with unsanitary conditions (Tizard 2004). These bacteria may outcompete the normal 
and protective microflora (Winsor 1981; Bangert et al. 1988; Rodrigues et al. 2003; Schneitz 2005). 
Alteration of the normal microflora was illustrated by the occurrence of several opportunistic 
pathogenic bacteria, such as Citrobacter freundii and Proteus vulgaris, having a higher prevalence 
in Segovia than in the Madrid area, and especially by Salmonella sp.  Pure cultures of Salmonella 
sp. were made from faeces collected in the Segovia area, indicating bacterial overgrowth as 
consequence of competitive exclusion (Schneitz 2005).  The wider range of predominant bacterial 
species from Segovia than Madrid also suggests the influence of multiple competitive interactions 
among bacteria in determining a heterogeneous pattern regarding flora composition among 
individuals. Other factors also may contribute to the apparently altered microflora of kites from 
Segovia. For instance, transmission of pathogenic bacteria between congregating individuals at 
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muladares may be higher than by solitary predation and scavenging on wild prey (Hubálek 1994; 
Poiani & Wilks 2000) in smaller aggregations (Hiraldo, Blanco & Bustamante 1991). The observed 
alteration also may be a consequence of an already altered flora present in the consumed meat due 
to poultry and livestock rearing conditions, including the use of antimicrobial agents and other 
drugs for therapy, prophylaxis and growth enhancement. Antimicrobial agents may disturb or 
suppress normal protective flora in treated animals, thus enhancing the acquisition of pathogenic 
and transient commensal bacteria (Angulo, Nunnery & Bair 2004).  
Bacterial overgrowth and alteration of normal flora through acquisition of a transient flora 
obtained through the diet, and its influence on host health, may have implications both for red kite 
conservation and public-health, especially regarding bacterial species with potential pathogenic 
effects. Among them, Salmonella sp. was found in a relatively high proportion of samples from 
Segovia (25%) as compared with data for wild non-passerines (Bangert et al. 1988; Refsum et al. 
2003; Reche et al. 2003). This bacterium is a major cause of zoonotic infections on a worldwide 
scale (Throns 2000). Variable host effects, including high mortality, prominent and persistent 
disease, and infertility in survivors as well as embryonic and neonatal mortality may occur 
following infection (Battisti et al. 1998; Tizard 2004). Among the serotypes found in this study, S. 
enteritidis and S. gallinarum were found in pure culture from 6% of the samples from Segovia. 
Given the virulence of some strains of these serotypes (Wray & Wray 2000), pure cultures may 
indicate infections with a potential for causing death in kites wintering in Segovia. This population 
has suffered a dramatic decline from 1994 (5500-5800 individuals, Viñuela et al. 1999) to 2000 
(1530 individuals, Contreras 2001) that continues today (authors’unpublished data) as part of the 
decline of the breeding European populations wintering in the Iberian Peninsula (Thiollay 2001) 
and the local breeding population (Blanco & Montoya 2004).  
It is unknown whether or not adverse health affects for kites result from feeding at 
muladares, and if so, whether or not such affects are contributing to the generalised decline of this 
species. Further investigations are needed to answer these questions and should be undertaken 
because of the potential for avian scavengers’ conservation. Segovia province has numerically 
important populations of scavenger raptors, including about 65-90 pairs of breeding red kites, 25 
pairs of Egyptian vultures Neophron percnopterus (Linnaeus), 66 pairs of Eurasian black vultures 
Aegypius monachus (Linnaeus) and about 1000 pairs of Eurasian griffons vultures Gyps fulvus 
(Hablizl) (Blanco & Montoya 2004; Martínez et al. 2004; authors’ unpublished data). These birds 
are currently highly dependent upon livestock carrion found at muladares. However, Segovia 
province may not be considered representative of the general situation regarding features of 
livestock carrion discarded in Spanish muladares, mainly because this province has the highest 
concentration and number of fattening pigs in Spain. This fact could influence the sanitary and 
nutritional features of carrion dumped in muladares from Segovia as compared with other Spanish 
areas where carrion of other livestock species dominate, especially sheep, goat, and domestic rabbit 
and poultry (Tella 1993; Donázar et al.1997). Intensive rearing conditions for pigs, including the 
use of antimicrobial agents as growth promoters for competitive production may result in 
differences in sanitary and nutritional features for carrion compared with the less intensive rearing 
conditions for other livestock. Carrion from un-stabled livestock recently has decreased in 
availability for avian scavengers because of legal requirements for the elimination of livestock 
carcasses imposed after the BSE crisis; cattle and sheep carcasses can no longer be legally 
abandoned in the countryside (Tella 2001). Thus, legal measures to combat BSE may be increasing 
use by avian scavengers of carrion at muladares.  
 
MANAGEMENT IMPLICATIONS 
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The results of this study suggest that a red kite diet based on intensive feeding on stabled livestock 
carrion may result in altered intestinal flora and the acquisition of potentially pathogenic bacteria 
which may not occur as frequently for kites feeding on wild prey.  Red kites may be concentrating 
in muladares supplied with carrion from stabled livestock reared at intensive conditions partly 
because of the scarcity of other sources of food. Because the red kite population is in decline, it is 
important to evaluate whether feeding at muladares under current conditions is hazardous or 
beneficial for the long-term conservation of this species. This question can not be answered with the 
available information. Research is needed to assess the risks and benefits of muladares supplied 
with carcasses from stabled livestock reared at intensive conditions compared with other feeding 
strategies by red kites. Such evaluations need to consider the impact of microbes and chemicals, 
especially drugs of veterinary use (Thomas 1999; Shultz et al. 2004), on the health of red kites.  
The best conservation strategy for the red kite may involve recovering populations of natural 
prey, especially the wild rabbit in the Mediterranean region. Muladares and other refuse dumps 
could be managed for the conservation of avian scavengers if found to pose little hazard for these 
birds and also to be without costs for public health. These costs include the potential transmission 
and dissemination of pathogenic bacteria to other species, including humans and farm animals, by 
these birds. Regardless, more effort is needed to evaluate the contrasting roles of avian scavenger in 
the elimination of livestock carcasses and their potential role in disease transfer and spread. Effort 
to reconcile the elimination of livestock carcasses and the conservation of avian scavengers should 
contemplate the implementation of measures to ensure that meat discarded in muladares presents an 
adequate sanitary status.  
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Table 1. Prey remains found in red kites pellets from the Madrid and Segovia study areas (% with 
food item). 
 
 Study Area 
Food Item Madrid (n = 123) Segovia (n = 93) 
Natural prey (total) 99.2 73.1 
  Wild rabbits and hares 91.9 5.4 
  Other mammals 8.9 58.1 
  Wild birds 10.6 22.6 
  Insects 0.8 6.5 
Livestock carrion (total) 4.9 72.0 
  Pigs 0.0 61.3 
  Horse 0.0 1.1 
  Sheep 4.1 1.1 
  Poultry 0.0 3.2 
  Domestic rabbit 0.8 4.3 
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Table 2. Prevalence of bacterial species present in faeces of communally roosting red kites 
wintering in two different areas of central Spain. Statistical differences were assessed by 
means of Fisher exact and G tests. Boldface P-values indicate significance after the 
Bonferroni adjustment for multiple comparisons. 
 
 
 
Species 
Segovia  
A 
n = 60
Segovia 
B 
n = 20
Difference
s 
A B
Segovia 
total (A+B)
Madri
d Differences 
Segovia-
Gram-negative bacteria       
  Escherichia coli 75.0 70.0 0.770 73.8 75.8 0.469 
  Salmonella sp. 23.3 30.0 0.562 25.0 3.0 0.007 
  Klebsiella sp. 3.3 5.0 1.000 3.8 18.2 0.018 
  Citrobacter freundii 40.0 20.0 0.175 35.0 0.0 <0.0001 
  Proteus vulgaris 55.0 35.0 0.196 50.0 0.0 <0.0001 
  Proteus miriabilis 6.7 15.0 0.358 8.8 0.0 0.104 
  Alcaligenes faecalis 1.7 5.0 0.440 2.5 0.0 1.000 
  Hafnia alvei 3.3 0.0 1.000 2.5 0.0 1.000 
  Serratia marcescens 6.7 10.0 0.637 7.5 0.0 0.178 
  Serratia sp. 1.7 15.0 0.046 5.0 0.0 1.000 
  Yersinia sp. 3.3 0.0 1.000 2.5 0.0 0.754 
  Providencia rettgeri 
3.3 10.0 0.259 5.0 0.0 0.320 
  Alcaligenes sp. 1.7 5.0 0.440 2.5 0.0 1.000 
  Enterobacter cloacae 6.7 55.0 <0.0001 18.8 42.4 <0.016 
  Pseudomonas aeruginosa 1.7 10.0 0.153 3.8 3.0 1.000 
Gram-positive bacteria        
  Enterococcus avium 0.0 0.0 - 0.0 3.0 0.292 
  Enterococcus suis 21.7 30.0 0.546 23.8 0.0 0.001 
  Enterococcus faecalis 58.3 50.0 0.606 56.3 48.5 0.535 
  Enterococcus faecium 51.7 30.0 0.122 46.3 42.4 0.836 
  Enterococcus bovis 6.7 5.0 1.000 6.3 0.0 0.319 
  Staphylococcus epidermidis 6.7 10.0 0.637 7.5 54.5 <0.0001 
  Staphylococcus aureus 1.7 10.0 0.153 3.8 0.0 0.555 
  Bacillus sp. 5.0 10.0 0.594 6.3 33.3 <0.0001 
  Corynebacetrium sp. 8.3 5.0 1.000 7.5 36.4 <0.0001 
  Aerococcus viridans 1.7 0.0 1.000 1.3 0.0 1.000 
  Aerococcus sp. 1.7 0.0 1.000 1.3 0.0 1.000 
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Table 3. Prevalence of different serotypes of Salmonella isolated in pure culture or together with 
other bacteria from faeces of wintering red kites using Segovia and Madrid roosting-sites. 
 
 
 
 
 pure culture  
together with other species
Roost-site n (%) Serotype (n)  n (%) Serotype (n) 
Madrid 0 (0.0)   1 (100) typhimurium (1) 
Segovia A 3 (21.4) enteritidis (3)  11 (78.6) paratyphi (1) 
enteritidis (7)  
gallinarum (2) 
typhimurium (1) 
 
 
 
gallinarum (2) 
typhimurium 
Segovia B 
2 (33.3) enteritidis (1) 
gallinarum (1) 
 4 (66.7) 
 
enteritidis (2) 
meleagridis (2) 
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Legend to figures 
 
 
Figure 1. Dendrograms of dissimilarity between roost sites based on cluster analysis of presence-
absence of bacterial species (Jaccard coefficients) and prevalence values (Spearman coefficients) 
using the UPGMA algorithm. 
  
Figure 2. Number of bacterial species isolated from red kites’ faeces in three roost sites in central 
Spain as a function of sample size. Error bars are ± SD from the means of 50 randomizations of 
sample accumulation order. 
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 Capítulo 2. 
 
Antibiotics Threaten Wildlife: Circulating Quinolone Residues and Disease in 
Avian Scavengers 
 
Jesús A. Lemus, Guillermo Blanco, Javier Grande, Bernardo Arroyo, Marino García-
Montijano, Felíx Martínez 
 
 
Abstract  
 
Antibiotic residues in carcasses of medicated livestock could pass to and greatly reduce 
scavenger wildlife populations. We surveyed residues of the quinolones enrofloxacin and 
its metabolite ciprofloxacin and other antibiotics (amoxicillin and oxytetracycline) in 
nestling griffon Gyps fulvus, cinereous Aegypius monachus and Egyptian Neophron 
percnopterus vultures in central Spain. We found high concentrations of antibiotics in the 
plasma of many nestling cinereous (57%) and Egyptian (40%) vultures. Enrofloxacin and 
ciprofloxacin were also found in liver samples of all dead cinereous vultures. This is the 
first report of antibiotic residues in wildlife. We also provide evidence of a direct 
association between antibiotic residues, primarily quinolones, and severe disease due to 
bacterial and fungal pathogens. Our results indicate that, by damaging the liver and kidney 
and through the acquisition and proliferation of pathogens associated with the depletion of 
lymphoid organs, continuous exposure to antibiotics could increased mortality rates, at least 
in cinereous vultures. If antibiotics ingested with livestock carrion are clearly implicated in 
the decline of the vultures in central Spain then it is of primary concern for conserving their 
populations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                 PLoS ONE 3(1): e1444. doi:10.1371/journal.pone.0001444. 2008 
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INTRODUCTION 
 
Antibiotics (formally antimicrobials) are one of the biomedical revolutions of the 20th 
century. Nonetheless, their misuse has increased diseases in humans and domestic animals 
worldwide [1]. Huge quantities of antibiotics are used annually in livestock farming 
operations throughout the world, but the eventual fate of their residues and their potential 
damage to environmental health generally remains unknown [2,3]. 
Withdrawal periods and residue controls are conducted in slaughterhouses to prevent 
harmful drug residuals in food that humans consume [4]. However, these waiting periods do 
not apply to carcasses and other wastes disposed in dumps exploited by scavengers. 
Therefore, scavengers may consume drug residues in livestock carrion. The use of 
antibiotics and other drugs in livestock may directly damage the health and survival of 
scavengers if ingested as toxic residues [5-7]. Indirect effects on health may include the 
acquisition of antibiotic-resistant bacteria [4-8] and the alteration of the normal protective 
flora by acquiring transient flora that may include pathogenic bacteria [8-11]. Further, 
antibiotic residues ingested by avian scavengers may select for antibiotic resistance, the 
emergence, dissemination and persistence of which represents a major health problem in 
human and veterinary medicine worldwide [1,4]. 
The “vulture crisis” on the Indian subcontinent caused by diclofenac, the use of 
which on livestock is banned in the European Union, demonstrates the potential of 
veterinary drugs to cause massive wildlife mortalities [7]. In Spain, after the bovine 
spongiform encephalopathy crisis, the ban on abandoning carcasses of free-range livestock 
in the countryside closed most traditional disposal sites for livestock carcasses used by 
avian scavengers as food sources [12]. Since then the diet of avian scavengers has been 
mainly composed of intensively farmed livestock carrion (swine and poultry) treated with 
antibiotics and other veterinary drugs, which represents the only livestock carrion available 
for scavengers [8,9]. Thus, antibiotic residues from treated livestock could pass to 
scavengers and reduce their populations [8,12,13].  
We investigated the possible transmission of antibiotic residues from livestock 
carcasses to nestlings of three vulture species in central Spain (griffon vulture, Gyps fulvus, 
cinereous vulture, Aegypius monachus and Egyptian vulture, Neophron percnopterus). We 
also searched for antibiotic residues in liver samples from dead cinereous vultures in the 
same area, and assessed their potential effects in this and other organs by histopathological 
analyses. The potential relationships between circulating antibiotic residues and the 
presence of bacterial and fungal pathogens causing severe disease were also evaluated in 
the three vulture species. Finally, we assessed whether disease-mediated mortality was 
associated with the presence of circulating antibiotics in cinereous vultures.  
 
RESULTS 
 
Antibiotic residues in livestock carrion  
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Results of the Four Plate Test of bacterial growth inhibition to detect antibiotic residues 
(see Material and methods) showed their presence in 21 of 29 samples (72%) from several 
tissues of swine carcasses available to vultures, varying from 40% of liver to 100% of 
kidney samples. This suggests that vultures may ingest antibiotic residues when feeding on 
livestock carrion.  
 
Circulating antibiotic residues 
 
We found a high proportion of nestlings carrying circulating antibiotics, especially in 
Egyptian and cinereous vultures (Table 1). In the three species, enrofloxacin and its 
metabolite ciprofloxacin showed the highest prevalences and concentrations alone or in 
combination with other antibiotics (Table 1).  
Eight further fledglings and one adult cinereous vulture from the same colony 
(demonstrated by their identification leg rings previously applied) which had not been 
sampled for blood in their nests, were treated in rehabilitation centres in 2002 and 2005. All 
had one to three antibiotics in plasma (ciprofloxacin = 67%, enrofloxacin 89%, amoxicillin 
11%, oxytetracycline 11%) at high mean concentrations (ciprofloxacin = 0.15 ± 0.066 
μg/ml, n = 6, enrofloxacin = 0.089 ± 0.049 μg/ml, n = 8, amoxicillin = 0.09 μg/ml, n = 1, 
oxytetracycline = 0.005 μg/ml, n =1). 
Residues of both enrofloxacin and ciprofloxacin were found in all samples of liver 
from nine dead cinereous vultures at mean concentrations of 0.18 ± 0.11 μg/g (range 0.08-
0.21 μg/g) and 0.09 ± 0.04 μg/g (range 0.03-0.07 μg/g) respectively. 
 
Relationships between circulating antibiotics, disease and mortality 
 
Variable prevalences of bacterial and fungal pathogens involved in severe disease were 
found in the sampled nestlings (Table 2). A proportion of cinereous (16.3%, n = 49) and 
Egyptian (4.0%, n = 25) vultures were infected with two or more of these pathogens.  
The presence of antibiotic residues was clearly associated with the presence of 
pathogens in the three vulture species (Fig. 1). Pathogen prevalence was only related to the 
presence of quinolones in the vulture species (cinereous and Egyptian) in which there were 
a sufficient number of samples with several antibiotics (log-linear analyses, both 
P<0.00001, goodness-of-fit, both P>0.855).  
Monitoring until fledging detected the deaths of several nestling griffon (1 of 50) 
and cinereous (4 of 49) vultures. Necropsy and post-mortem investigations revealed that 
nestling cinereous vultures that died in the nests were severely infected by the same 
pathogens found during sampling (n = 4, prevalence of Candida albicans = 100%, 
Aspergillus fumigatus 25%, Salmonella sp. 50%, total prevalence = 100%). Five more 
cinereous vultures that had been sampled in their nests were found dead or ill in the 
countryside at various times after fledging. Dead and sick fledgling cinereous vultures were 
examined in wildlife rehabilitation centres and the latter were treated for severe infections 
by C. albicans (prevalence = 100%, n = 5), from which they probably would have died 
without human intervention. All the sick or dead griffon (n = 1) and cinereous (4 nestlings 
and 5 fledglings) vultures showed antibiotics in plasma when they were sampled in their 
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nests. This suggests a relationship between fatal disease and the presence of antibiotics in 
cinereous vultures (Fig.2).   
In addition, nine other cinereous vultures from the same colony that had not been 
sampled for blood in their nests had one to three antibiotics in their plasma when presented 
to the rehabilitation centre (see above) and showed severe disease due to the tested 
pathogens (prevalence of C. albicans 78%, A. fumigatus 22%, total prevalence = 100%). 
 
Post-mortem findings and histopathology 
 
External examination of nine cinereous vulture carcasses revealed cachexia, dehydration 
and poor development. Cultures in standard fungal media showed all had multiple oral, 
pharyngeal and oesophageal necrotic mucosal plaques caused by C. albicans, as well as 
upper digestive tract congestion and swelling. Macroscopically the liver was enlarged, 
congested and friable, and the kidney was enlarged and pale pink with white, “chalky” 
deposits. 
Histopathological examinations revealed lesions in the liver and kidney and severely 
depleted lymphoid organs. Seven out of nine individuals (78 %) had vacuolar degeneration 
of the liver parenchyma and deformed trabeculae. Five individuals (56%) had hyperplasia 
and fibrosis of the bile ducts with mononuclear infiltrates. 
All nine individuals had glomerulonephritis and glomerulonephrosis, mucosal 
hyperplasia and mild heterophilic inflammation in their renal pelvises and proximal ureters. 
Six individuals (67%) had mononuclear infiltrates in their renal tissues and a clearly visible 
tubular epithelium with areas of degeneration and necrosis. Large white aggregates 
obscured the renal architecture (glomeruli, distal convoluted tubules and collecting tubules) 
in all individuals but inflammation was minimal. There were extensive diffuse white 
precipitates on the surface and within the renal parenchyma, consistent with visceral gout,  
in seven individuals (78%). 
DISCUSSION 
 
Antibiotic bacterial resistance in wildlife has been highlighted as evidence of the impact of 
increasing human intrusions on wildlife habitats [6,14]. In this study we demonstrated 
residues of four different antibiotics in three species of wild birds. To our knowledge, this is 
the first report of circulating antibiotic residues in wildlife. This striking finding extends our 
knowledge about the impact of human activities on environmental health through the 
potential detrimental effects of circulating antibiotics on wildlife, including the selection 
and dissemination of antibiotic resistant bacteria. 
Avian scavengers ingested antibiotics in livestock carrion upon which they feed. 
Veterinary antibiotics are used in huge, although regionally variable quantities throughout 
the world. Therefore, the potential impact of antibiotic residues on scavenging wildlife may 
be widespread but the severity is likely to vary with the features of livestock operations and 
forms of eliminating livestock residues in different regions [8,9]. The use of different 
antibiotics to treat livestock in the study area and their variable kinetics may explain their 
varying presence in each vulture species. Both amoxicillin and oxytetracycline were 
displaced by quinolones as the drugs of choice alone or with other antibiotics, which may 
explain their high presence and concentrations. The detection of quinolones with other 
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antibiotics in several samples may indicate their combined use and the metabolic 
transformation of enrofloxacin to ciprofloxacin in livestock and vultures. Differing 
prevalences and concentrations of antibiotics in the three vulture species may reflect their 
different feeding habits and physiology, especially the pH of the digestive tract. Griffon 
vultures evolved as social consumers of entire corpses of large herbivores [15], which has 
been argued to be associated with the evolution of a very acidic gastric pH (between 1 and 
2) to minimise infection by pathogens from rotten meat [16]. Cinereous and Egyptian 
vultures evolved as scavengers and opportunistic predators of small vertebrates, and 
preferentially feed upon small fragments of livestock carcasses, especially tendons, skin and 
viscera [15] which tend to concentrate these antibiotics [17,18]. The differing ecological 
and evolutionary strategies for carrion exploitation may explain the different impacts of 
antibiotics on the health of griffon vs. cinereous and Egyptian vultures. Griffon vultures 
would degrade more antibiotics and pathogens with such a highly acidic gastric pH. This 
may explain the lower prevalence of antibiotics and pathogens despite the species’ greater 
dependence on livestock carrion. The less acidic gastric pH of cinereous and Egyptian 
vultures may make them more susceptible to the direct effects of ingested antibiotics 
despite their higher dependence on wild prey [15]. 
The mean quinolone concentrations found in vulture plasma may equal that 
expected in birds treated with a therapeutic dose 24-48 h before testing [18-20]. Such high 
antibiotic concentrations in vultures may indicate an intensive use of these drugs in farming 
operations in the study area. Antibiotic ingestion is likely to vary with the frequency of use 
of carrion from different livestock species or wild prey by parental vultures and the 
concentrations of antibiotics in different livestock carcasses. Nestling vultures may be fed 
every several days and antibiotics may be metabolised and excreted by birds over a similar 
time. This may explain the lack of antibiotics in several nestlings despite the consumption 
of livestock carrion by all individuals.  
The most striking result of this study was the clear association between antibiotic 
residues, especially quinolones, and disease in the three vulture species. Potential negative 
health effects of direct antibiotic ingestion with livestock meat include immunosuppression, 
toxicity, allergy and bacterial flora alteration which may temporarily reduce host resistance 
to pathogens [1,18,19]. The presumably discontinuous ingestion of different antibiotics at 
different concentrations may lead to side-effects similar to health problems resulting from 
the misuse of antibiotics in humans and domestic animals [1,20]. For instance, severe 
infections with C. albicans or A. fumigatus  may be important causes of morbidity and 
mortality among individuals ingesting antibiotics which enhance the invasiveness of these 
and other pathogens by altering the normal flora and by depressing the host defences [1,20].  
The impact of antibiotics on the health of cinereous vultures was clearly illustrated 
by post-mortem findings and histopathology of both liver and kidney samples. All liver 
samples from dead cinereous vultures contained both enrofloxacin and ciprofloxacin. 
Although there is no detailed information about the pathology caused by antibiotics in 
birds, lesions and tissue damage in the liver and kidney are consistent with the expected 
direct toxic effects of antibiotics in these organs in humans  [21-24], especially because in 
birds  they concentrate these drugs [10-20]. In addition, the severe depletion of lymphoid 
organs may indicate immunosupression directly by antibiotics [18-20] which may be related 
to the acquisition and proliferation of the recorded pathogens, even causing severe lesions 
as in the case of C. albicans.  
The detrimental effects of ingested antibiotics including the acquisition of pathogens 
may decrease the health of vultures with a lethal potential, especially in nestlings and 
fledglings as reported in cinereous vultures.  This effect may be associated with the recent 
steady decline of vulture populations in the study area, especially of cinereous and Egyptian 
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vultures [13,25]. Therefore, the ingestion of antibiotics in livestock carrion represents a 
major concern for the conservation of these species.  Antibiotic residues in meat in 
livestock dumps used by scavengers should be regulated to avoid damaging the health and 
conservation of vultures. The intensive use of antibiotics worldwide and their presence in 
wild birds have global implications for conservation and in generating and spreading 
resistant pathogens throughout the environment.  
 
MATERIAL AND METHODS 
 
Fieldwork 
 
We sampled nestlings of the three vulture species breeding in central Spain (primarily in 
Segovia Province) from 2003 to 2005. In this area a large population of avian scavengers 
depends on livestock farming providing carrion [8,9,13,25], especially in Segovia province, 
which has the highest concentration and number of fattening pigs in Spain.  
Vulture nests were accessed by climbing and nestlings were sampled at 60-80 days 
of age, depending on the species. A sample of blood (5 ml) was taken from the brachial 
vein, centrifuged and the plasma frozen until analysed. Bacterial microflora were sampled 
from the cloaca, choana and nares of nestlings with sterile microbiological swabs and 
Amies transport medium. Samples were transported in a chilled container to the laboratory 
within 12 h after collection and were processed within one to two hours of arrival.  
Nestlings were monitored with telescopes until fledging to assess their survival in 
the nest. Several of these nestlings were found dead in the countryside one or two months 
after fledging or they were found ill and admitted to wildlife rehabilitation centres where 
their health status was assessed, including determining the presence of bacterial and fungal 
pathogens and of antibiotics in plasma. In addition, eight fledglings and one adult cinereous 
vulture from the same colony as the sampled nestlings (as demonstrated by their rings), 
which had not been sampled for blood in their nests were found ill in the countryside and 
admitted to a rehabilitation centre in Madrid between 2002 and 2005. Similar samples were 
also taken from these individuals.  
 
Necropsy and histopathological examination 
 
Nine dead nestling cinereous vultures found in or around nests were necropsied and 
samples of lesions and selected tissues (liver, kidney, lungs, thymus, spleen, gonads, bursa 
of Fabricius and heart) were collected and fixed in 10% neutral buffered formalin for 
histopathological examination. Liver samples from each were also taken and frozen at –
20ºC for the determination of quinolone residues. 
 
Antibiotic residues in livestock carrion  
 
The Four Plate Test of bacterial growth inhibition to detect antibiotic residues was used on 
swine tissues (liver, muscle, kidney, oral mucosa, rectum) from seven carcasses found in 
several livestock refuse dumps where vultures usually forage. This test is extremely 
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sensitive to antibiotics and therefore is routinely performed in slaughterhouses to quickly 
confirm the presence of antibiotics in food animals [26]. Samples were collected with sterile 
microbiological swabs, transported in a chilled container to the laboratory within 12 h after 
collection and processed within one to two hours of arrival. The test was performed in 
plates with Bacillus subtilis spore suspension and Kocuria rhizophila bacterial suspension 
(Merck). Media used to test for residues included test agar pH 6.0 (Merck, dehydrated 
medium 10663), test agar pH 7.2 with the addition of trimetoprim (Merck, dehydrated 
medium 15787), and test agar pH 8.0 (Merck, dehydrated medium 10664). Media were 
prepared according to the manufacturer’s instructions. After cooling the agar to 45-55ºC, 
cell and spore suspensions were added to the appropriate media. Sterile standard Petri 
dishes were filled with 8 ml of the inoculated media and stored at 2-5ºC for a maximum of 
five days. 
 
Antibiotic residue determination 
 
The presence and concentrations of antibiotic residues in plasma were determined using 
HPLC techniques and standard protocols [27-29]. Briefly, for enrofloxacin and 
ciprofloxacin, plasma samples (300 μl) were added with an internal standard (75 μl 
ofloxacin), mixed and shaken with chloroform (4.5 ml). After centrifugation the organic 
phase was collected and dried under nitrogen. The extracted sampled was injected directly 
into the HPLC (UV) apparatus (Spectra System AS1000 Autosampler, Thermo Separation 
Products, Florida USA). These antibiotics were detected using ultraviolet 
spectrophotomertry at 279 nm. The limits of quantification of both molecules were 0.005 
μg/ml and the method was linear up to 30 mg/L. The mean percentage recoveries of 
enrofloxacin and ciprofloxacin were 93% and 90%, respectively. The inter- and intra-assay 
reproducibility was below 4%.  
Liver samples used to determine quinolone residues were homogenised in 
methanol and centrifuged for pellet debris. Three millilitres of the supernatant were then 
passed through a solid phase extraction cartridge. Elution was concentrated to a volume of 1 
ml. Quinolone concentrations were determined using the same methodology as for plasma 
samples. The recovery, limit of detection, accuracy and precision of this method were 
evaluated at concentrations from 0.025 to 250 μg/g. The method was validated and shown 
to be linear in the range of 0.01-50 μg/g. Spike recoveries for liver prepared at 4 spiking 
levels ranged from 81% to 98%. The coefficient of variation for recovery as a measure of 
relative variability was between 3% and 8% and the relative standard deviation  was <11%. 
The limits of quantification were 0.1 μg/g for enrofloxacin and 0.25 μg/g for ciprofloxacin. 
For amoxicillin determination, 50 μl of plasma were mixed with 50 μl of 
perchloric acid using a vortex mixer and then centrifuged to precipitate plasma proteins. 
The clear supernatant was then injected into the HPLC. Amoxicillin was eluted with a 
mobile phase consisting of 6% methanol plus phosphate buffer with pH adjusted to 3.2. The 
concentration of amoxicillin was scanned at a wave length of 227 nm, and the injection 
volume was 20 μl. The limit of quantification was 0.05 μg/ml in plasma. The absolute 
recovery of amoxicillin was 93%. The intra- and inter-assay coefficients of variation were 
2% and 3% respectively.   
To determine oxytetracycline concentrations, 9.5g of Mueller-Hinton medium 
was dissolved in 250 ml of distilled water and autoclaved at 121ºC for at least 15 minutes. 
The solution was cooled to 50ºC in a water bath and 0.4 ml of spore solution (1 ml of B. 
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cereus spores in 50 ml sterile saline) was added. After the agar solidified 90 μl wells were 
cut into the bioassay plates. Plasma samples were deprotenised by adding 20 μl of a 30%  
trichloroacetic acid solution to 40 μl of plasma. The mixture was gently vortexed and 
centrifuged and the supernatant was assayed. Ninety microlitres of standards, controls and 
samples were pipetted into duplicate into wells in the bioassay plates. Assay plates were 
incubated at room temperature overnight and the zones of inhibition were measured in 
micrometres using electronic digital callipers. The plasma concentration was calculated 
from a standard curve. The limit of quantification was 0.05 μl/ml. Quality control samples 
were spiked at 0.2, 0.8 and 8 ppm and assayed on each plate. 
 
Pathogen determination 
 
We determined the presence of two bacterial (Mycobacterium avium, Salmonella sp.) and 
two fungal (C. albicans, A. fumigatus) species due to their known severe pathogenicities in 
birds [30] and their potential to proliferate following the ingestion of antibiotics through the 
alteration of normal flora [1,9,30]. To culture  M. avium, cloacal and tracheal samples taken 
with sterile swabs were plated on Lowenstine-Jenssen media and incubated for three 
months. Ziehl-Nielsen and auramine rhodamine acid-fast stains and PCR techniques were 
used to identify any Mycobacterium grown [31,32]. The presence of a mycobacterium was 
confirmed if both cultures and molecular techniques were positive. C. albicans and A. 
fumigatus were cultured in standard fungical media (Agar Sabouraud) at 37ºC for 48 h. 
Only clinical C. albicans was considered, which was determined by the presence of lesions 
in the oral cavity. For Salmonella, samples were cultured and identified to serotype 
following standard methods described in detail elsewhere [9]. 
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Table 1. Antibiotic residues in nestlings of three vulture species in central Spain and 
their concentrations in plasma. 
 
 
 
 Number of samples 
with antibiotics (%) 
Concentration (μg/ml) 
mean ± SD (range) 
 
n 
Griffon vulture (n = 50)    
  Antibiotic residues (total)a 6 (12)   
  Quinolones (total)b 6 (12)   
  Enrofloxacin 1 (2) 0.16 ± 0.028 (0.14-0.18) 2 
  Ciprofloxacin 3 (6) 0.077 ± 0.056 (0.025-0.17) 5 
  Amoxicillin 0 (0) 0.005* 1 
  Oxytetracycline 0 (0)   
       Enrofloxacin + Ciprofloxacin 1 (2)   
       Ciprofloxacin + Amoxicillin 1 (2)   
Cinereous vulture (n = 49)    
  Antibiotic residues (total)a 28 (57)   
  Quinolones (total)b 26 (53)   
  Enrofloxacin  7 (14) 0.073 ± 0.076 (0.0005*-0.21) 12 
  Ciprofloxacin 14 (29) 0.095 ± 0.059 (0.025-0.21) 16 
  Amoxicillin 2 (4) 0.027 ± 0.037 (0.005*-0.07) 3 
  Oxytetracycline 0 (0) 0.005 ± 0.000*  2 
  Enrofloxacin + Ciprofloxacin 2 (4)   
  Enrofloxacin + Amoxicillin 1 (2)   
  Enrofloxacin + Oxytetracycline 2 (4)   
Egyptian vulture (n = 25)    
  Antibiotic residues (total)a 10 (40)   
  Quinolones (total)b 6 (24)   
  Enrofloxacin 2 (8) 0.104 ± 0.116 (0.0005*-0.28) 5 
  Ciprofloxacin 0 (0) 0.078 ± 0.026 (0.04-0.10) 4 
  Amoxicillin 2 (8) 0.061 ± 0.112 (0.005*-0.23) 4 
  Oxytetracycline 1 (4) 0.005 ± 0.000*  2 
  Enrofloxacin + Ciprofloxacin 3 (12)   
  Ciprofloxacin + Amoxicillin 1 (4)   
  Amoxicillin + Oxytetracycline 1 (4)   
 
*Values corresponding to the half of the detection limit. 
a Pooling all different antibiotics. 
b Pooling enrofloxacin and ciprofloxacin. 
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Table 2. Prevalence (% of infected individuals) of each pathogen in nestlings of three 
vulture species from central Spain. Prevalence of each Salmonella serotype was calculated 
on the total positive isolates in each vulture species (n = 8 for both Egyptian and cinereous 
vultures).  
 
 
 
Egyptian vulture 
n = 25 
Cinereous vulture 
n = 49 
Griffon vulture 
n = 50 
Salmonella sp 32 16 0 
    typhimurium 50  25  - 
    enteritidis 25  75  - 
    gallinarum 12.5  - - 
    pullorum 12.5  - - 
Mycobacterium avium (serotype 7) 4 8 0 
Candida albicans  0 26.5 6 
Aspergillus fumigatus 9 16 0 
Total 32 53 6 
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Figure legends 
 
Figure 1. Relationships between prevalence of pathogens (% of individuals with pathogens) 
and the presence or absence of antibiotics in plasma of nestlings of three vulture species 
from central Spain. Differences were statistically significant in the griffon (Fisher exact 
tests, P = 0.001), cinereous (G-tests, G = 18.198, d.f. = 1, P <0.0001) and Egyptian (G-tests, 
G = 11.778, d.f.  = 1, P = 0.001) vultures. Sample size is shown above bars.   
 
Figure 2. Relationships between the presence of antibiotics in plasma of nestling cinereous 
vultures and their subsequent survival (Fisher exact test, P = 0.006). Sample size is shown 
above bars.  
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Capítulo 3. 
 
Cellular and humoral immunodepression in vultures feeding upon medicated 
livestock carrion 
 
 
Jesús A. Lemus and Guillermo Blanco  
 
 
Abstract  
 
Veterinary pharmaceuticals contained in dead livestock may be ingested by avian 
scavengers and negatively affect their health and consequently their population 
dynamics and conservation. We evaluated the potential role of antibiotics as 
immunodepressors using multiple parameters measuring the condition of the cellular 
and humoral immune system in griffon (Gyps fulvus), cinereous (Aegypius 
monachus) and Egyptian vultures (Neophron percnopterus). We confirmed the 
presence of circulating antimicrobial residues, especially quinolones, in nestlings of 
the three vulture species breeding in central Spain. Individuals ingesting antibiotics 
showed clearly depressed cellular and humoral immune systems compared with 
nestlings from the control areas, which did not ingest antibiotics. Within central 
Spain, we found that individuals with circulating antibiotics showed depressed 
cellular (especially CD4+and CD8+ T-lymphocyte subsets) and humoral (especially 
APV complement and IL8-like) immune systems compared with nestlings without 
circulating antibiotics. This suggests that ingestion of antibiotics together with food 
may depress the immune system of developing nestlings, temporarily reducing their 
resistance to opportunistic pathogens. Medicated livestock carrion should be 
considered unadequate food for vultures due to their detrimental consequences on 
health derived from the ingestion and potential effects of the veterinary drugs 
contained in them and for this reason rejected as a management tool in conservation 
programs.  
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INTRODUCTION 
 
Modern intensive livestock production uses huge quantities of antibiotics and 
generates large amounts of residues containing these drugs (Sarmah et al. 2006). 
Antibiotics, especially quinolones, take a long time to degrade in livestock meat, 
even taking more than two weeks to reach levels safe for human consumption 
(EMEA 2004). Carcasses of diseased livestock often medicated until death on the 
farms are usually dumped outdoors for consumption by scavenger wildlife in Spain 
(Blanco et al. 2006; Lemus et al. 2008). Therefore, the consumption of recently 
dumped livestock carcasses may imply the ingestion of active antibiotics (Lemus et 
al. 2008), of which the proximate effects on the health of avian scavengers remains 
generally unknown. Despite this, carrion of medicated livestock is currently used as 
food in management programs for conservation of threatened scavengers in Spain, 
without any toxicological or veterinary control (Blanco et al. 2006; Blanco et al, 
2007 a,b; Lemus et al. 2008). 
Antibiotics are the most commonly used agents in intensive stabled livestock 
facilities (Friendship 2000; Tanner 2000). Among them, the more commonly used 5-
fluoroquinolones and specifically enrofloxacin and its active metabolite 
ciprofloxacin are very stable molecules that have been found to contaminate the 
environment (Sarmah et al., 2006) and meat destined to human consumption after the 
withdrawal period (Okerman et al. 2001; Juan-Garcia et al. 2007). Previously, a clear 
association between quinolone ingestion, pathogen acquisition and mortality was 
found in vultures (Lemus et al. 2008). However, there are no data regarding how 
antibiotics may negatively affect vulture health, although it has been suggested that 
effects are partially due to the immunodepressive impact of antibiotics under 
conditions of chronic but discontinuous ingestion (Lemus et al. 2008), similar to the 
effects derived from misuse of these drugs in humans (Levy 1992; Chide & Oriksaw 
2007). In fact, the immunodepressive effects of antibiotics have long been 
established (Norrby & Lietman 1993; Brown 1996; Walker 2000; Lathers 2001), 
especially in continued treatments, causing fungal overgrowth in place of protective 
normal bacterial flora due to their selective elimination, as well as direct effects on 
normal production and activity of lymphocytes (Levy 1992; Chide & Oriksaw 2007).  
Antibiotics are administered only when an individual is not able to eliminate an 
infection. If antibiotics are ingested under inappropriate conditions in terms of 
concentration, timing and duration of treatment, the active molecules can cause 
primary suppression of lymphocyte proliferation and bone marrow (Jimenez-Valera 
et al. 1995;  Chide & Oriksaw 2007). Other detrimental effects include the blocking 
of the specific target molecules for macrophage activity, impeding their proper 
function (Azuma et al. 2001). The influence of fluoroquinolones on immunoglobulin 
production, even in the developing egg (Tokarzewski 2002), responds to this same 
mechanism. The increase of free radicals, especially of hydrogenous peroxide and 
deleterious hydroxyl radicals are other action mechanisms that could explain 
immunodepression caused by quinolones (Azuma et al. 2001; Kohanski et al. 2007). 
The recently proposed Phage Antibiotic Synergy hypothesis suggests a massive 
deleterious growth of bacteriophages due to quinolone application (Comeau et al. 
2007). Therefore, the potentially detrimental impact of antibiotics on the immune 
system, generally associated to their misuse, may be complex as several very 
different action mechanisms, immunological subsystems and metabolic routes may 
be involved (Levy 2002; Chide & Oriksaw 2007). All of these negative effects of 
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antibiotics may be exacerbated in developing animals because of their partial 
dependence on passive maternal immunity, active development of immune organs 
and hence, limited functional activity of their immune system (Tizard 2000; Fellah et 
al., 2008). 
In this paper, we evaluated the potential role of antibiotics as immunodepressors 
using multiple parameters measuring the condition of the cellular and humoral immune 
system in griffon (Gyps fulvus), cinereous (Aegypius monachus) and Egyptian vultures 
(Neophron percnopterus). We use flow cytometry techniques to evaluate cell immunity 
by direct account of the three most representative T-cell subsets (CD4+, CD5+ and 
CD8+) and different techniques for the determination of humoral immunity molecules, 
including complement, interleukins and γ interferon (IFNγ). We hypothesized that the 
previously reported association between the presence of circulating antibiotics and 
detrimental pathogens found in the three vulture species (Lemus et al. 2008) may be 
partially due to the potential immunodepressive impact of antibiotics, especially under 
conditions of chronic but irregular ingestion at variable concentrations of different 
antibiotics, primarily quinolones, during nestling development.  
This hypothesis leads to the prediction that the immunological parameters of 
vultures feeding upon carrion from intensively medicated livestock, that then show 
antibiotic residues in the blood, should show lower values (i.e. immunodepression) than 
those of vultures showing no circulating antibiotics. We tested this prediction by 
comparing immunological parameters of vultures from central Spain, in which 
circulating antibiotics were previously found (Lemus et al. 2008), with those from 
control areas where antibiotics should not be ingested because of their lack in the wild 
prey and unstabled livestock that constitutes their food supply (Donázar 1993). We 
suggested previously that the lack of antibiotics in a portion of nestlings feeding upon 
stabled medicated livestock in central Spain could be due to the frequency of ingestion 
of medicated carrion, the concentration of antibiotics contained in carrion, as well as to 
individual differences in metabolization and excretion of ingested antibiotics (Lemus et 
al. 2008). Therefore, we hypothesized that antibiotics may exert immediate depressive 
effects on the immune system during the time when they may be detected in blood. This 
leads to the prediction that individuals with detectable circulating antibiotics should 
show more severe immunodepression that those without circulating antibiotics despite 
the presumably chronic ingestion of antibiotics by all individuals in central Spain 
(Lemus et al. 2008). We tested this prediction by comparing immunological parameters 
of vultures in central Spain with and without circulating antibiotics at the time of 
sampling.  
 
2. MATERIAL AND METHODS 
(a) Fieldwork 
During the breeding seasons of 2006 and 2007, nestlings of the three vulture species 
were sampled for blood in their nests in central Spain (Segovia, Ávila and Madrid 
provinces). In this area, a large population of avian scavengers depends on livestock 
farming operations providing livestock carrion, especially swine (Blanco et al. 2006, 
2007a,b; Lemus et al. 2008). Control individuals were sampled from two additional 
areas (Extremadura and Andalucia) in western and southern Spain where scavengers 
feed upon wild prey or unstabled livestock (Donázar 1993; Benitez et al. 2003; Costillo 
et al. 2007), and should not contain antibiotics in high prevalence and concentrations.  
Vulture nests were accessed by climbing and nestlings were sampled when they 
were 60-80 days old, depending on the species. A sample of blood (5ml) was taken 
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from the brachial vein; 1ml was preserved in EDTA for flow citometry and the 
remaining 4ml were preserved in lithium-heparin, centrifuged and the plasma frozen 
until analysis. 
 
(b) Antibiotic determination 
The presence and concentrations of residues of quinolones (enrofloxacin and 
ciprofloxacin), amoxicillin and oxytetracycline in plasma were determined using HPLC 
and microbiological techniques and standard protocols, as described previously (Lemus 
et al. 2008). The limits of quantification, percentage recoveries, and inter- and intra-
assay reproducibility were adequate (see Lemus et al. 2008). 
 
(c) Cellular immunity 
For the peripheral lymphocyte isolation, cell sorting and flow cytometry, lymphocytes 
of peripheral blood were isolated as described previously (Finkelstein et al. 2003; 
Lavoie et al.  2005). The mononuclear cells (lymphocytes and monocytes) of the 
supernatant were washed twice in phosphate-buffered saline, resuspended in 1ml of 
PBS and subsequently used for flow cytometry. For cell sorting, T-cell characterization, 
and analysis of the dynamics of γδ T-cell subsets we used methods described previously 
(Tella et al. 2008).  
 
(d) Humoral immunity 
Complement activity was determined with a haemolytic technique as described 
previously (Demey et al. 1993; Parmentier et al. 2002) using an adapted light-
scattering method. In brief, sera were diluted serially in appropriate buffers in flat-
bottomed 96-well microtitre plates and incubated with sensitised (Haemolysin, 
Biomerieux, ref. no. 72202) sheep erythrocytes to measure complement classical 
pathway (CPW) or rabbit erythrocytes to measure alternative complement pathway 
(APW). Plates were shaken in a Titertek (Flow Laboratories) every 30 min during 
the period of incubation. The results (the amount of light scattering by erythrocytes 
upon lysis) were read at 655 nm in a microtitre reader (BioRad model 3550). 
Readings were transformed by log–log equation (Demey et al. 1993; Parmentier et 
al. 2002) and the haemolytic titre was expressed as the titre that lysed 50% of the 
erythrocytes (CH50 U/ml). 
Interleukin (IL) determination was made by using enzyme immunoabsorbent 
assay (EIA) for the IL1β, IL2 and IL8- like (Kogut  2002) measurements, and enzyme 
linked immunoabsorbent assay (ELISA) for the IL6 measurement. All the reagents and 
kits were purchased from Biosource Europe (Nivelles, Belgium). Sensitivity was 
0.35pg/ml for the IL1β, 0.025 UI/ml for the IL2, 1.5pg/ml for the IL6 and 1.1 pg/ml for 
the IL8-like. 
Interferonγ (IFNγ) was determined by ELISA. Briefly, ninety-six well flat 
microtitre plates were coated with 100μl/ well of a solution consisting of 2 μg/ml 
coating antibody (antichicken IFNγ MAb, Biosource) in phosphate buffered saline 
(PBS, pH 7.2) for 18h at 4ºC,  then blocked for two hours at room temperature by 
adding 300 μl/well PBS-1% BSA. After three washes with PBS containing 0.2%  
Tween-20 (PBS-T), diluted standards (natural chicken IFN-γ , Biosource), controls and 
samples were added at 100 μl/well  followed immediately by the addition of 50 μl/well 
of biotinylated antibody (mouse anti-chicken IFN-γ ,mAb, 0.1 μg/ml,  Biosource) in 
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PBS- T1% BSA. Plates were incubated for two hours at room temperature with 
continual shaking (700rpm), washed three times and incubated with HRP-labelled 
streptavidin (1:2500, Biosource) for 30 min. After washes, 100 μl/well of the 
chromogen tetramethylbenzidine (Sigma) was added and incubated for 30 min. 
Substrate reactions were stopped with 2N H2SO4, and the optical density (OD) values 
were measured at 450 nm within 30 min by plotting each standard OD (ordinates) 
versus the standard concentration (abcisses). Concentration of unknown samples was 
determined from the standard curve. 
 
3. RESULTS 
 
(a) Prevalence and concentrations of circulating antibiotics 
Antimicrobials were detected in 63.6% (n = 22), 80.9% (n = 21) and 39.2% (n = 28) of 
the nestling griffon, cinereous and Egyptian vultures sampled in central Spain, 
respectively. No nestling showed circulating antibiotic residues in the control regions (n 
= 6, 10 and 6, respectively). Enrofloxacin and ciprofloxacin were the most frequent 
antibiotics found in vultures (50% and 38.5%, 81% and 52.4%, and 29.7% and 22.2% in 
griffon, cinereous and Egyptian vultures, respectively) at high concentrations (mean ± 
SD, 0.1331 ± 0.0511 μg/ml, n = 13, and 0.0860 ± 0.0589 μg/ml, n = 9 for griffon 
vultures, 0.0852 ± 0.0516 μg/ml, n = 18 and 0.0764 ± 0.0495 μg/ml n = 11, for 
cinereous vultures, and 0.0288 ± 0.0330 μg/ml, n = 8 and 0.0.0133 ± 0.0171 μg/ml, n = 
6 for Egyptian vultures). Prevalence of amoxicillin was 11.5% (0.0600 ± 0.0200 μg/ml, 
n = 3), 28.6% (0.0480 ± 0.0236 μg/ml, n = 6) and 3.7% (0.1150 ± 0.0354 μg/ml, n = 6) 
in griffon, cinereous and Egyptian vultures, respectively. Prevalence and concentration 
of oxytetracycline was 3.8% (0.03 μg/ml, n = 1) in griffon vultures and 14.3% (0.0417 ± 
0.0.0176, μg/ml, n = 3) in cinereous vultures, but was not detected in Egyptian vultures. 
Most (72.5%) individuals of the three species (n = 41) showed combinations of two or 
three different antibiotics in blood.  
 
(b) Immunological parameters  
We found significant differences in all immunological parameters between nestling 
vultures sampled in central Spain, distinguishing between nestlings with circulating 
residues of antibiotics and those without residues, and nestlings from the control area, 
where vultures showed no circulating antibiotics (MANOVA, all p < 0.0001 in the three 
vulture species). Mean values for each parameter in each group are shown in Table 1. 
Post-hoc differences (Tukey test) between the three groups showed significant 
differences in all immunological parameters between nestlings from central Spain and 
the control areas in the three species, independent of the effect derived from the 
presence of circulating antibiotics in nestlings from central Spain (all p < 0.0001). 
Significance (p values) of the differences (Tukey post-hoc test) in the immunological 
parameters between nestlings with and without circulating antibiotics is shown in Table 
1 for each vulture species. 
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CD4+ and CD8+ showed lower values in nestling griffon and Egyptian vultures 
with antibiotics than in those without antibiotics in central Spain (Table 1). These 
differences were not significant in the cinereous vulture probably due to the small 
sample of individuals without antibiotics. Complement APV and IL8-like showed 
higher values in individuals without antibiotics than with circulating antibiotics in the 
three species (Table 1). Remaining parameters vary from those which show significant 
variation due to the presence of antibiotics (complement CPV, IL2) to those affected by 
their presence in some species but not in others (IL1β, IL2, IL6).  
Because all the immunological parameters were intercorrelated (Pearson correlation, 
all p < 0.001), we attempted to objectively reduce the original database to smaller, 
mutually uncorrelated composite variables or factors, by conducting principal 
components factor analysis using the correlation matrix. We obtained a single axis 
with an eigenvalue greater than 1 (PC1 = 7.61) that accounted for 76.12% of the 
variance. This component revealed high loading for all immunological variables, 
with factor loadings varying between 0.573 (CD8+) and 0.889 (complement APV) 
and hence, it defines a gradient of immunological state. Factor scores of the principal 
component differed between groups (nestlings with and without antibiotics in central 
Spain, and nestlings in the control areas, ANOVA, F2,93 = 1475.03, p < 0.0001) and 
vulture species (F2,93  = 131.74, p < 0.0001; interaction between groups and species: 
F4,93 =  7.63, p < 0.0001).  Overall, nestlings of the three vulture species showing 
circulating antibiotics were more immunodepressed than those without circulating 
antibiotics in central Spain (Fig. 1), and both of these groups of nestlings were 
immunodepressed compared to nestlings of the three vulture species from the control 
areas (Fig.1). 
 
4. DISCUSSION 
The results of this study confirm the presence of circulating antibiotic residues in 
nestlings of the three vulture species breeding in central Spain, especially quinolones 
ingested with carrion of intensively medicated livestock (Lemus et al. 2008). On the 
contrary, no nestling of the three vulture species feeding primarily upon unstabled 
livestock and wild prey in southern and western Spain showed antibiotics in blood. 
Individuals chronically ingesting antibiotics showed clearly depressed cellular and 
humoral immune systems compared to nestlings from the control areas, which did 
not ingest antibiotics. Within central Spain, we found that individuals with 
circulating antibiotics were more immunodepressed than nestlings without 
circulating antibiotics. This suggests that continued ingestion of different antibiotics 
at variable concentrations over long periods (the nestling stage) may play a role in 
depressing the immune system of developing nestlings. Given the correlative nature 
of this study, the results need to be confirmed experimentally in order to evaluate the 
magnitude of the potential immuodepresing effects of antibiotics, as well as the 
particular mechanisms and components of the immune system activated to respond 
against them. Previous experiments about the effects of veterinary drugs on the 
immune system of domestic animals have involved a controlled standard ‘treatment’ 
or exposition rather than an uncontrolled exposition to these drugs, as occurrs with 
vultures in the wild. Therefore, experiments conducted to evaluate the effects of 
antibiotics on vultures should simulate the completely caothic ingestion of antibiotics 
from livestock carrion, including variable concentrations, simultaneous ingestion of 
different antibiotics, variable timing of ingestion, etc., in young birds with a 
developing immune system.  
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All immunological parameters from nestlings of the three vulture species 
sampled in central Spain reached lower values than in individuals not ingesting 
antibiotics in control areas from southern and western Spain. This striking result arises 
even when including in the comparison nestlings from central Spain that do not present 
circulating antibiotic residues at sampling due to the likely chronic but discontinuous 
ingestion of antibiotics by nestlings of the three vulture species in central Spain. The 
probability of finding circulating antibiotics at sampling may depend on the amount of 
time since the last ingestion of food by nestlings, which may be fed by parental vultures 
every several days (Donázar 1993). This probability may also depend on parental 
differences in their dependence on stabled medicated livestock vs. unstabled livestock 
and wild prey, the concentration of antibiotics contained in carrion ingested in the last 
feeding bout, as well as individual differences in metabolization and excretion of 
ingested antibiotics (Lemus et al. 2008). These factors may explain the lack of 
circulating antibiotics in a portion of individuals from central Spain at sampling, despite 
all of them depending to some extent on medicated livestock carrion as demonstrated by 
the presence of remains of such food in all sampled nests. The ingestion of antibiotics 
probably occurs during the entire development period of nestlings, as suggested both by 
the presence of circulating residues of antibiotics in nestlings sampled at different ages 
(Lemus et al. 2008), and by the remains of stabled livestock found in nests accessed at 
different stages of nestling development (author´s unpublished data). Overall, the 
chronic discontinuous antibiotic ingestion may promote a generalized 
immunodepression, which was not apparent in control area individuals that had not 
ingested antibiotics.  
Uncontrolled antibiotic ingestion may exert immediate depressing effects on the 
immune system at the time that they are detected in blood (Brown 1996; Lathers 2002). 
This may explain why individuals of the three species with circulating antibiotics 
showed a more severe immunodepression that those without circulating antibiotics 
despite the presumably chronic ingestion of antibiotics by all individuals in central 
Spain (Lemus et al. 2008). In contrast with other toxicants that cause an irreversible 
effect on the immune system, some effects of antibiotics may be quickly reversed 
(Brown 1996; Walker 2000;  Lu et al. 2008). In addition, the developing immune 
system of nestling vultures may be able to recover more quickly than a fully developed 
immune system (Tizard 2000; Fellah et al. 2008). This suggests that immunodepression 
may occur shortly after antibiotic ingestion, but also that the immune system may 
recover quickly after antibiotic ingestion ceases. This may also explain the general 
immunodepression of all individuals (with or without antibiotics at sampling) from 
central Spain compared to those from southern and western Spain.   
Many potential action mechanisms may be simultaneously involved in 
immunodepression due to antibiotic ingestion (Levy 2002; Chide & Oriksaw 2007) as 
indicated by the fact that both cellular and humoral systems were affected to variable 
degrees by the presence of circulating antibiotics. The complex inter-relationships 
between cellular and humoral immunity may explain the patterns of variation of the 
different immunological parameters due to chronic but discontinuous or recent ingestion 
of antibiotics. Regarding cellular immunity, subsets promoting active defence (CD4+) 
and possessing cytotoxicity (CD8+) were highly reduced in nestlings showing 
antibiotics, in contrast to the subset with helper and coordinative activity (CD5+), which 
was not so clearly affected by antibiotics probably due to their low number and higher 
longevity (Jeurissen et al. 2000; Campello et al. 2006). Regarding humoral immunity, 
APV complement and IL8-like were especially lowered associated with the presence of 
antibiotics in the three species. APV complement is mainly related to the specific 
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immunity, as well as with pathogen identification by heterophils and macrophages 
(Parmentier et al. 2002). Lower values may be ineffective at avoiding the immediate 
heterophil defence against pathogens, and thus allowing their acquisition and 
proliferation. Although we did not study the activity of macrophages, the frequent 
infection of the nestlings by opportunistic pathogens such as Candida albicans and 
Mycobacterium avium (Lemus et al. 2008) may be indicative of their lack of or reduced 
activity.  
IL8-like is related to heterophil chemotaxis (Kogut 2002). This cytokine is 
produced by macrophages and endothelial cells close to or at the site of inflammation or 
infection (Kaiser et al. 1999, 2008). If the macrophage activity is reduced, very low IL8 
secretion is expected, as occurred in strongly selected, highly immunodepressed broiler 
hens (Cheng et al. 2001; Bridle et al. 2006). The remaining parameters (IL1, IL6 and 
IFNγ) also showed low values associated with antibiotic ingestion in some species but 
not in others. This suggests that some parameters involved in the immunodepression 
asociated with antibiotics may be species-specific, and requires further research.   
Humoral immunocompetence is mostly cell dependant, especially in developing 
individuals with an intense activity of lymphocytes, which act as mediators or effectors 
of most of the activation and activity of humoral molecules when the immune organs 
and their function are still developing (Tizard 2000; Kaiser et al. 2008). In this sense, 
macrophages, mast cells, plasma cells, natural killer cells, lymphocytes, monocytes, 
heterophils and even non-leukocyte cells, such as endothelial cells, possess the capacity 
to activate several cytokines, interferon or complement activity (Okamura et al. 2004; 
Kaiser et al. 2008). The observed low levels of T cells and cytokines associated with the 
presence of antibiotics seem to adjust to the previously mentioned feed-back pattern. 
Thus, low levels of T lymphocytes can secrete low levels of cytokines and chemotactic 
molecules which may be low enough to contribute to their feed-back participation 
promoting the presence of T lymphocytes (Jimenez-Valera et al. 1995; Riesbeck et al. 
1995; Campello et al. 2006).  
The immunosuppressive effects of antibiotics temporarily reducing host 
resistance to opportunistic pathogens may explain the previously reported marked 
association between antibiotic residues and disease in the three vulture species (Lemus 
et al. 2008). A strongly depressed immune system may allow the access of other more 
detrimental pathogens that may cause dramatic epizootic episodes associated with 
population declines, especially in the social foragers and colonially breeding griffon and 
cinereous vultures. These results are of great concern, and could indicate the beginning 
of detrimental effects on vulture populations, especially on the reduction of breeding 
success by an increased mortality of nestlings (Carrete et al. 2006, Lemus et al. 2008) 
but also in a reduction of the number of breeding pairs (authors’ unpublished data).  In 
Spain, the main stronghold of vultures in Europe, legal measures to mitigate the spread 
of bovine spongiform encephalopathy have caused the lack or scarcity of unstabled 
livestock carcasses available for avian scavengers, and the parallel increase in use of 
dumps of livestock carcasses supplied by farms, especially of intensively medicated 
pigs and poultry (Tella 2001; Blanco et al. 2006, 2007a,b). However, pathogen or drug 
residue controls are not conducted on food provided by carcasses of medicated stabled 
livestock disposed of in refuse dumps for vultures and other scavengers. Livestock 
carrion proven to contain veterinary drugs should be considered unadequate food for 
vultures due to their potential detrimental consequences on health and for this reason 
rejected as a management tool in conservation programs. Such a precautionary approach 
could also provide important experimental information on this issue. 
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Table 1. Mean ± SD values of each immunological parameter in nestlings of three 
vulture species from southern and western Spain (control area, without antibiotic 
ingestion) and central Spain (distinguishing between nestlings with and without 
circulating antibiotics). All immunological parameters were significantly higher in 
nestlings from the control area than in nestlings from central Spain (see results). Post-
hoc Tukey tests from MANOVA show differences in the values of the immunological 
parameters between individuals with and without antibiotics in central Spain.  
 
 
Control 
area 
Central Spain  
 
 without 
antibiotics 
with 
antibiotics 
Post-hoc 
Tukey test, p 
Gyps fulvus 
n = 7 n = 8 n = 14  
CD4 405.3 ± 16.3 259.2 ± 53.0 166.7 ± 17.1 <0.0001 
CD5 195.3 ± 8.04 166.1±17.7 168.8±22.4 0.945 
CD8 337.3±18.2 311.7±35.7 223.1±18.0 <0.0001 
CPV complement 1182.1±100.2 799.7±59.4 742.1±60.0 0.180 
APV complement 694.9±52.8 463.6±30.7 380.4±10.3 <0.0001 
IL1β 1014.4±84.8 779.5±61.0 674.6±64.3 0.005 
IL2 24.4±2.4 17.2±0.9 15.6±2.1 0.175 
IL6 1600.7±86.8 1317.5±83.6 1171.6±83.2 0.002 
IL8-like 1229.0±106.8 875.7±87.8 640.6±74.0 <0.0001 
IFNγ 77.6±3.3 54.5±3.3 42.8±5.6 <0.0001 
Aegypius monachus n = 10 n = 4 n = 17  
CD4 410.4±12.4 217.7±82.4 194.1±35.8 0.526 
CD5 246.2±35.4 159.5±49.0 141.5±23.0 0.556 
CD8 327.9±25.3 265.0±79.0 228.1±25.9 0.165 
CPV complement 1237.2±89.9 865.2±76.9 824.6±40.5 0.502 
APV complement 691.2±46.5 458.2±78.9 364.5±22.8 0.001 
IL1β 1090.0±64.5 838.0±64.7 732.3±42.3 0.003 
IL2 21.2±2.3 11.7±0.9 13.4±1.4 0.208 
IL6 1586.8±49.6 1251.2±163.6 1122.5±90.8 0.044 
IL8-like 1242.7±67.8 775.0±178.0 630.3±70.0 0.016 
IFNγ 66.6±5.0 25.2±3.1 27.5±3.4 0.580 
Neophron 
percnopterus 
n = 6 n = 18 n = 10  
CD4 403.3±9.9 336.0±34.6 284.9±59.0 0.010 
CD5 264.8±22.8 177.2±25.6 168.3±37.4 0.728 
CD8 481.7±24.7 363.8±40.4 314.1±64.1 0.031 
CPV complement 1317.7±141.3 918.6±63.7 920.7±98.2 0.998 
APV complement 692.8±49.4 513.3±20.1 419.2±50.8 <0.0001 
IL1β 1157.8±66.9 882.0±47.6 916.6±54.6 0.256 
IL2 21.5±1.5 16.1±2.9 14.9±1.7 0.439 
IL6 1656.2±55.5 1243.9±67.9 1269.7±79.3 0.632 
IL8-like 1369.0±74.1 785.8±44.0 689.8±32.2 <0.0001 
IFNγ 80.7±4.8 57.3±3.9 52.2±4.0 0.011 
 
Figure caption. 
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Fig. 1. Differences between PC1 factor scores (mean ± SE) comprising all 
immunological parameters among nestlings of three vulture species from the control 
area (southern and western Spain) and those with or without circulating antibiotics in 
central Spain. Sample sizes are shown in the Table 1. 
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Capítulo 4. 
Fatal embryo chondral damage associated with fluoroquinolones in eggs of 
threatened avian scavengers 
 
Jesus Ángel Lemus, Guillermo Blanco, Bernardo Arroyo, Felix Martínez, Javier Grande 
 
Abstract  
Stabled livestock reared in housed conditions are often subjected to intensive 
treatments with veterinary drug, which residues may be present in livestock meat 
ingested by scavengers, but nothing is known about their presence in eggs of wild birds 
and their potential detrimental effects on breeding success. We searched for residues of 
veterinary drugs and other toxicants in infertile and embryonated unhatched eggs of 
griffon vultures (Gyps fulvus) and red kites (Milvus milvus), two threatened avian 
scavengers. Quinolones (ciprofloxacin and enrofloxacin) were found in most unhatched 
eggs of both scavenger species clearly associated with severe alterations in the 
development of embryo cartilage and bones that could preclude embryo movements and 
subsequently normal development, pre-hatch position and successful hatching. The 
detrimental effects on developing eggs of veterinary drugs from livestock operations 
may help to explain reduced breeding success of avian scavengers.  
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1. Introduction 
Antibiotics are widely used in animal husbandry for treatment and prevention of 
diseases (Prescott et al., 2000; Sarmah et al., 2006). Their intensive use and misuse can 
leave residues in edible animal tissues, with attempts to reduce and monitor their 
presence by means of withdrawal periods on farms and residue controls in 
slaughterhouses (Okerman et al., 2001; Joint FAO/WHO Expert Committee on Food 
Additives, 2006). These operations respond to public health concerns about ingestion of 
antibiotics in food products, including toxic effects, normal flora alteration, allergic 
hypersensitivity reactions, development of bacterial resistance, etc. (Levy, 2002; Vigre 
et al., 2008), as well as concerns related to their potential as environmental 
contaminants (Daughton and Temes, 1999; Kolpin et al., 2002, Sarmah et al., 2006; 
Sukul and Spiteller, 2007).  
Stabled livestock reared in housed conditions are often subjected to intensive 
drug treatments (Prescott et al., 2000; Vigre et al., 2008). Non-steroidal anti-
inflammatories (NSAIDs), antiparasitics, hormones, and antimicrobials are used, 
sometimes simultaneously, often just before death in diseased livestock (Lust et al., 
2007). Fluoroquinolones are one of the most commonly used antimicrobial group 
labelled for veterinary use in the treatment of food animals, and is the drug of choice for 
many of the most common diseases in intensive livestock and poultry (Brown, 1996; 
Van Bambeke et al., 2005., Sarmah et al., 2006). Their broad spectrum activity pattern, 
biodisponibility, ease of administration and low cost have popularized these drugs in the 
protection of livestock against bacterial pathogens, leaving other antimicrobials (such as 
tetracyclines or beta-lactams) more common as synergic co-workers in mixed 
treatments or as treatments for only very specific infections (Brugger et al., 2007; 
Muntener et al., 2007; Lust et al., 2007). Fluoroquinolones possess a very long half-life 
after administration because they are lipophilic, so their half-life and liberation period 
are prolonged, as is their metabolization (Neuman, 1987; Cabrera et al., 2002; Sun et 
al., 2003). Target tissues of these drugs included fat and visceral organs, such as liver 
and kidney (Prescott et al., 2000; EMEA, 2005).  
When medicated livestock die during disease treatment, they are often deposited 
in traditional livestock carcass dumps (called “muladares” in Spain) or vulture 
restaurants, which are areas in which food for scavengers is predictable and abundant 
(Donázar, 1993; Blanco et al., 2006, 2007a, 2007b), but where no veterinary control is 
carried out on disposed carcasses or on conditions derived from the accumulation and 
decomposition of carcasses (Blanco et al., 2006). Since livestock carcasses are often 
consumed by avian scavengers just after their disposal in muladares, most residues of 
veterinary drugs may pass to them via ingestion (Lemus et al., 2008). Circulating 
antimicrobials may negatively affect health, nestling survival and subsequently breeding 
success and conservation of vultures and other threatened avian scavengers (Blanco et al 
2006; 2007a, 2007b; Lemus et al., 2008). However, no information is known about the 
potential detrimental effects of antimicrobials, specifically quinolones, on breeding 
success by direct negative effects on embryo viability during the incubation period.  
In this study, we searched for residues of fluoroquinolones, as well as other 
antimicrobials, antiparasitic drugs and NSAIDs in eggs of griffon vultures (Gyps fulvus) 
and red kites (Milvus milvus), two threatened avian scavengers breeding in central 
Spain. Red kites have suffered a dramatic decline in this area during the past several 
decades (Blanco and Montoya, 2004; Blanco et al., 2007b), as has occurred in other 
areas of their distribution range in Europe, while griffon vultures have shown a slight 
decline in the number of breeding pairs but a dramatic decline in breeding success 
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during recent years (authors’ unpublished data). We searched for multiple veterinary 
drugs, but focused on the presence and effects of fluoroquinolones (enrofloxacin and 
ciprofloxacin) in unhatched eggs because these drugs were the most frequently found at 
high concentrations associated with disease and other health problems in nestling 
vultures from the study area (Lemus et al., 2008; authors’ unpublished data). 
Fluoroquinolones have been reported to cause neonatal alterations in articulation 
cartilages, bone growth and tendons, both in humans and laboratory and companion 
animals (Patterson, 1991; Gough et al., 1992; Hildebrand, 1993; Förster et al., 1996; 
Simonin et al., 1999; Stahlmann, 2002). Therefore, we also searched for potential 
damage associated with the presence of fluoroquinolones in these and other tissues and 
organs of embryos from unhatched eggs, which could be related to hatching failure due 
to embryo mortality.  
2. Materials and Methods 
From 2005 to 2007, we collected 12 unhatched eggs from 12 griffon vulture nests 
located in the Hoces del Rio Duratón (n = 4) and Hoces del Río Riaza (n = 8) Natural 
Parks (Segovia Province, central Spain) and 11 eggs from 11 nests of red kites located 
in Segovia Province. Eggs were removed very late in the breeding cycle when all 
vulture and kite nestlings from the study areas were about 45 to 70 and 30 days old, 
respectively. Unhatched eggs of griffon vultures (n = 6) and red kites (n = 8) from 
southern and western Spain were also collected to assess possible geographical 
differences in the content of veterinary drugs and their potential effects on egg viability 
and embryo damage. Prior to definitive removal, eggs were candled and embryo death 
verified in the field using a digital embryo ECG monitor Buddy (Avitronics, UK).  
 
Once in the laboratory, an X-ray examination of all eggs determined the embryo 
development (if positive) and position, and subsequently a complete standard egg 
necropsy was performed (Cooper, 1998). Samples of egg content were taken for 
determination of the presence of veterinary drug residues, as well as for microbiology 
and histopathological examination.  
Fluoroquinole and other antimicrobial residues were determined by HPLC and 
microbiology methods following the protocols used for detection of these drugs in 
poultry eggs for human consumption (Donoghue and Schneider, 2003). Parallel double-
blind sample processing was conducted. For the HPLC, a 1g aliquot of previously 
homogenized whole egg was placed in a 10 ml glass centrifuge tube containing 200 μl 
of 1 μg ml−1 solution of norfloxacin (internal standard) and then 250 μl of concentrated 
ammonia were added to the mixture. After shaking the mixture briefly on a vortex-
mixer, 2 ml of acetonitrile were added. The mixture was vortexed lightly at high speed 
and then centrifuged for 5 min at 4000 rpm. The supernatant was decanted into another 
10 ml glass centrifuge tube, and 4 ml of dichloromethane were added. The mixture was 
lightly vortexed at high speed and then centrifuged for 5 min at 4000 rpm. The upper, 
aqueous layer was transferred to an autosampler vial using a Pasteur pipette. The 
aqueous egg extracts were then analysed by HPLC–FD. 
We used a chromatographic system consisting of an Agilent 1100 series high 
performance liquid chromatograph (Agilent Technologies, Palo Alto, CA, USA) 
equipped with a quaternary pump, an on-line degasser, an autosampler, an automatic 
injector, a thermostated column compartment and a fluorescence detector (G1321A) 
connected on-line. ChemStation for LC 3D (Agilent) software package was used to 
control the instrument, data acquisition and data analysis. Chromatographic separation 
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of the quinolones was performed on a Zorbax Eclipse XDB-C8 column 
(150 mm × 4.6 mm i.d., 5 μm particle) from Agilent. The column was protected with an 
Eclipse XDB-C8 (Agilent) pre-column (12.5 mm × 4.6 mm i.d., 5 μm particle). A 
gradient program was used with the mobile phase, combining solvent A (10 mM citrate 
buffer solution of pH 4.5) and solvent B (acetonitrile) as follows: 12% B (10 min), 12–
30% B (5 min), 30% B (4 min), 30–12% B (1 min), 12% B (6 min). The flow-rate was 
1.5 ml min−1, the injection volume 20 μl and the column temperature was maintained at 
35ºC. The excitation and emission wavelengths selected for the detection of 
ciprofloxacin and enrofloxacin were 280 and 450 nm, respectively. The limit of 
detection and quantification of fluoroquinolones was 5 ng/g. Statgraphics software 
package was used for statistical analysis of the data and for regression analysis (linear 
model). A similar HPLC technique was used to determine the presence of tetracycline 
and amoxicillin residues (Heller et al., 2006).  
The bioassay conducted to determine the presence of fluoroquinolones involved 
an agar diffusion microbiological method using Klebsiella pneumoniae as an indicator 
organism (Donoghue and Schneider, 2003). Briefly, 0.5-1g egg content samples were 
diluted 1:3 (vol/vol) with 1% phosphate buffer, pH 9.0 and centrifuged at 1500 g for 20 
m at 5°C; the supernatant was decanted and used for analysis. Either a matrix matched 
(egg) or buffer standard curve was constructed by addition of known concentrations of 
enrofloxacin to the egg content or buffer. The matrix matched samples were diluted 
with buffer, centrifuged, and decanted as described above for the incurred samples. The 
presence of matrix (egg content) did not interfere with the analysis, as results indicated 
no differences between the matrix matched and buffer standard curve. Petri dishes (100 
mm in diameter) were filled with 8 ml of Muller Hinton agar and six penicylinders3 
(8x10 mm) were evenly placed on the agar. Prior to filling, the agar was inoculated with 
approximately 106 cfu/ml Klebsiella pneumoniae (ATCC 10031). Each standard 
concentration was pipetted onto three plates; three alternate cylinders were filled with 
standard (200 μl), and the other three cylinders were filled (200 μl) with a reference 
concentration. Individual incurred samples were assayed in a similar manner except 
samples were assayed on only one plate. The plates were incubated for approximately 
16 h at 37°C. Plate averages for the standards and incurred samples were corrected to 
the overall reference concentration. A best fit regression line using the diameter of the 
growth inhibition zones (millimeters: Zone Reader4) was calculated by the method of 
least squares. 
NSAID residues, including diclofenac (banned for veterinary use in the EU), 
flumixin meglumine, ketoprofen, ibuprofen, meloxicam, sodium salicylate (aspirin) and 
acetaminophen (paracetamol) were determined by HPLC (see above) following the 
methods described previously (Oaks et al., 2002; Van Hoof et al., 2004; Stolker et al., 
2004; Gallo et al., 2006). Tested antiparasitic drug residues included the antiprotozoal 
metronidazole using the method proposed by Xia et al. (2007), diclazuril, an 
anticoccidial often used in poultry (Mortier et al., 2005), the nematocidal fenbendazole 
(Capece et al., 1999), and the ecto/endoparasiticidal avermectin ivermectin (Durden, 
2007). 
Diclofenac limit of quantification for this technique was 0.001 μg/ml. Flumixin-
meglumine residue method was validated at concentrations in the range of 0.5-250 
μg/ml. Detection limit was 0.01 μg/ml. Ketoprofen assay was linear from 0.5 to 50 
μg/ml for each enantiomer. The inter- and intra-day precision was less than 10% and the 
average extraction recovery was more than 87% for each enantiomer. The limit of 
quantification was 0.5 μg/ml. Ibuprofen linear range was from 1.0 to 40.0 μ/ml with a 
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limit of quantitation of 1.0 μ/ml. Within-run accuracy and precision ranged from -0.1% 
to 4.0% and from 1.1% to 5.5% and between-run accuracy and precision ranged from -
1.1% to 4.7% and from 1.3% to 7.0%, respectively. The mean extraction recoveries of 
ibuprofen determined over the concentrations of 1.0, 10.0, and 40.0 μg/ml were 100.5 ± 
1.8%, 99.8 ± 1.0%, and 99.2 ± 2.3%. Aspirin assay had a mean recovery from serum of 
85 ± 6%. Intra- and interday precision and percent relative errors were <15% in all 
cases. The detection limit was 0.6 ng/ml and the quantification limit was 2 ng/ml.  
Lower limit of quantification and precision of paracetamol determination was 0.10 
μg/ml and <10%. Metronidazole detection limit was 5 ng/ml. Average recoveries for 
spike levels of 10 and 20 ng/ml ranged from 82 to 94%, and coefficients of variation 
were below 10%. Calibration curves using plasma fortified between 1-100 ng/ml and 
100-2000 ng/ml showed good linear correlation (r ≥ 0.9991, goodness-of-fit coefficient 
≤ 7.0%). The trueness and within-run precision at 50 and 500 ng/ml did not exceed 8.8 
and 10.5%, respectively. The between-run precision for the analysis of quality control 
samples at 50 and 1000 ng/ml was within 11.7%. Diclazuril limit of quantification of 1 
ng/ml was obtained, for which the trueness and precision also fell within acceptable 
limits. Using a signal-to-noise ratio of 3:1, the limit of detection was calculated to be 
0.03 ng/ml. Fenbendazole limit of detection of the assays was 0.005 μg/ml. During 
chiral analysis the limit of detection for both FBZSO enantiomers (FBZSO-1 and 
FBZSO-2), was 0.02 μg/ml, and recoveries were 85.28% (CV = 7.8) and 86.69% (CV = 
7.4%) for FBZSO-1 and FBZSO-2, respectively. Ivermectin limit of detection was 50 
μg/ml. 
In addition, we determined the presence of other contaminants that have been 
reported causing damage in avian embryos, including bone and cartilage lessions (Rath 
et al., 2004), such as dithiocarbamate thiram (following  Li et al., 2007) and disulfuram 
fungicide (following Zhang et al., 1996). We also determined the presence of total 
polybrominated diphenyl ethers and the congeners 47, 99, 153 and 209 (following 
Liang et al., 2008), organochlorines (including hexachlorobenzene, 
hexachlorocyclohexane, DDT, and total chlordanes and  PCBs, following Bouwman et 
al. 2008) and brominated flame retardants (polychlorinated dibenzo-p-dioxins and 
dibenzofurans, following Braune et al., 2007). The brain cholinesterase activity (Osten 
et al., 2005) was determined in embryonated eggs.  
Microbiological samples were cultured using standard microbiology protocols 
(Houston et al, 1997; Cooper et al., 1998). Mycoplasma synoviae, as a possible agent 
responsible of arthritis in birds, was determined by using PCR techniques (Poveda et al., 
1990; Erdélyi et al., 1999). Histopathology samples of embryo organs and tissues were 
fixed in 10% buffered formalin, prepared, sectioned at 4μm at stained with hematoxilin 
and eosin, and observed with light microscopy. Osseous structure measurements were 
performed with a 40X measured objective lens (Nikon Instruments Inc, Melville, NY, 
USA). We measured the width of the epiphyseal growth plate as the distance from the 
bone matrix in the reserve zone to bone matrix in between the zone of calcifying 
cartilage and developing trabeculae of the metaphysis. For ultrastructural study, samples 
were stained with PAS (Alcian/blue periodic acid-Schiff reagent). Cell organelle and 
cell membrane structure were stained with ammonium molybdate and evaluated with 
transmission electron microscopy (EM-Philips CM-10 with link EDS detector). 
 
3. Results 
 
Unhatched eggs from central Spain presented good eggshell mineralization and 
appearance. There were infertile and embryonated eggs in the samples of unhatched 
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eggs of griffon vultures and red kites (Table 1). Embryos were disposed in a proper 
position to hatch, but none of them had begun internal hatching pipping. 
We found residues of both ciprofloxacin and enrofloxacin at high concentrations 
in 10 of 12 griffon vulture eggs (83.3%) and 10 of 11 (90.9%) red kite eggs collected in 
central Spain (Table 1). Determination of fluoroquinolone presence by microbiological 
bioassays was confirmed by HPLC in all cases. No residues of other antimicrobials, 
NSAIDs, antiparasitics, dithiocarbamate thiram, disulfuram fungicide were found in any 
egg. Other evaluated contaminants (see methods) were detected at very low levels 
(organochlorines: all < 0.05 ng/g; polybrominated diphenyl ethers: all < 0.005 ng/g; 
brominated flame retardants: all < 0.005 ng/g). Levels of brain cholinesterase activity 
determined in embryonated eggs were basal (17.21 ± 0.80, n = 4, and  19.88 ± 0.70, n = 
6, μ mol of acetylthiocholine iodide hydrolysed per gram of tissue  -wet weight- in 
embryos of griffon vultures and red kites, respectively, with quinolone residues).  
There was no significant differences between the concentration of enrofloxacin 
and ciprofloxacin found in infertile and embryonated eggs of both species (one-way 
ANOVA, all P > 0.111, see Table 1). Pooling infertile and embryonated eggs, we found 
higher concentrations of enrofloxacin (7.14 ± 2.17 μg/ml, n = 10) than ciprofloxacin 
(3.24 ± 1.91 μg/ml, n = 10) in griffon vulture eggs (paired t-test, t = 3.137, d.f. = 9, P = 
0.012), contrary to that found in red kites (enrofloxacin: 2.36 ± 0.79 μg/ml, n =10; 
ciprofloxacin: 5.91 ± 1.27 μg/ml, t = -13.118, d.f. = 9, P < 0.0001, Fig. 1). This inverse 
pattern in the concentration of both molecules leads to significant differences between 
species in the concentration of ciprofloxacin (one-way ANOVA, F1,19 = 13.565, P = 
0.02) and especially of enrofloxacin (F1,19 = 42.769, P < 0.0001). In fact, the 
concentration of both molecules in particular eggs were negatively related in griffon 
vultures (Pearson linear regression, F1,9 = 20.070, r = -0.857, P = 0.002) and positively 
related in red kites (F1,9 = 10.186, r = 0.748, P = 0.013, Fig. 1). The total concentration 
of quinolones found in unhatched eggs, summing enrofloxacin and ciprofloxacin 
concentrations, was higher in griffon vultures than in red kites (two-way ANOVA, F1,19 
= 10.161, P = 0.006, Fig. 2), but did not differ between infertile and embryonated eggs 
(F1,19 = 1.871, P = 0.190, interaction: F1,19 = 0.034, P = 0.855). We found no residue of 
fluoroquinolones nor that of any other veterinary drugs in unhatched eggs of griffon 
vultures (n = 6) or red kites (n = 8) collected in western and southern Spain.  
Egg microbiology do not reveal any bacterial growth in the eggs containing 
antimicrobial residues in both species, while there was opportunistic flora growth 
(Bacillus spp; Enterobacter spp; Enterococcus spp; and other bacteria) in the vulture 
eggs without antibiotics, as well as an infection of Chlamydophila psittaci in the only 
red kite egg without antibiotics in the central Spain sample (Table 1). We found no egg 
with Mycoplasma synoviae infection. Unhatched eggs of griffon vultures (n = 6) and red 
kites (n = 8) from control areas in southern and western Spain failed, respectively, due 
to infertility (16.7%, 37.5%), embryo malposition (16.7%, 37.5%), incubation failure 
(50%, 0%), and pathogen infections (16.7%, 62.5%; note that several causes may be 
responsible of hatching failure in particular eggs). 
Histopathological exam of vulture and kite embryos from central Spain did not 
reveal any macroscopic or microscopic lesion in internal organs (liver, kydney, lungs, 
spleen, thymus and bursa of Fabricius). The histopathological study of musculoskeletal 
system of embryos containing quinolone residues showed significant macroscopic 
degeneration and damage of articular cartilages, epiphyseal growth plate, and tendons.  
The microscopic study of articular cartilages showed knee joint cartilage lesions 
whose diameter increased with embryo stage of development (1818 ± 523 μm, n = 3 and 
2216 ± 137 μm, n = 1, respectively in mid-stage and fully developed griffon vultures, 
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and 2128 ± 237 μm, n = 4, and 2315 ± 124 μm, n = 2 in fully developed and pre-hatch 
red kites. Clefts parallel to the articular surface were observed  in nearly all knee joints 
in all embryos with quinolones of both species (incidence: 100%). Clefts length were 
614± 81 μm and 438± 67 μm in griffon vultures (n = 4) and red kites (n =6) 
respectively. These clefts were superficial in the articular cartilage (Fig. 3a). Cartilage 
adjacent to clefts showed death tissue characterized by marked eosinphilia and loss of 
cellular detail (i.e. necrosis), disorderly arranged chondrocytes, but not acellularity or 
loss of staining or erosion (Fig. 3a). Chondrocyte clusters producing 
glycosaminoglycans were observed with PAS stain in all cases involving more 
developed and pre-hatch embryos, and they were distributed following no clear pattern 
throughtout the articular cartilage (Fig. 3b). Ultrastructural lesions included matrix 
swelling and loss of proteoglycans. 
The microscopic study of epiphyseal growth plate showed growing cartilage of 
long bones characterised by the decreased width of epiphyseal growth plate cartilage by 
15.38% and 19.23% in humerus and 7.92% and 9.15% in femur as compared to the 
growth of cartilage in unaffected griffon vulture and red kite embryos respectively 
without quinolone residues in eggs collected in southern and western Spain. This width 
decrease was characterized by the reduced count of the proliferative cells in the 
proliferative zone and the decrease in the average size of the hypertrophic 
chondryocytes in the hypertrophic zone. The reserve zone became markedly reduced in 
thickness. Ultrastructural lesions included matrix swelling and loss of proteoglycans. 
 The light microscopic study of tendons showed no significant lesion. The 
ultrastructural study showed tendinopathies characterised by condensed material in the 
nucleus, swollen cell organelles, apoptotic bodies and bleb formation at the cell 
membrane.  
None of these tissue alterations and lesions were found in embryos from 
unhatched eggs without quinolones in either species collected in western and southern 
Spain. 
4. Discussion 
We found fluoroquinolone residues (enrofloxacin and ciprofloxacin) in most unhatched 
eggs of both scavenger species sampled in central Spain. To our knowledge this is the 
first report of residues of any veterinary drug in eggs of wild birds. Fluoroquinolone 
residues were clearly associated with severe alterations in the development of embryo 
cartilage and bones that could preclude embryo movements and thus normal embryo 
development, pre-hatch position and successful hatching (Deeming, 1995; Cooper, 
1998; Joyner, 1994). On the contrary, no eggs from southern and western Spain showed 
antimicrobial residues, and embryos from these areas did not show alterations in 
cartilage and bones. Therefore, both the potential toxic effects of fluoroquinolones per 
se and additional detrimental effects on embryo development may promote hatching 
failure. These results support previous evidence of the strong impact that intensive 
medication of livestock may exert on the health and conservation of avian scavenger 
species feeding upon their carcasses (Blanco et al., 2006, 2007a, 2007b; Lemus et al., 
2008). 
Mean concentration of fluoroquinolones found in vulture eggs were higher than 
those found in plasma of nestlings from the same area (Lemus et al., 2008), probably as 
a consequence of their accumulation in target tissues of laying females, especially in fat 
due to the lipophilic activity of fluoroquinolones (Neuman, 1987; Cabrera et al., 2002; 
Sun et al., 2003). Similarly, these drugs may accumulate in fat of medicated livestock, 
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especially in fattening pigs on which vultures primarily feed in central Spain (Blanco et 
al., 2006, 2007b), and which harbour a high proportion of fat. The presence of 
fluoroquinolone residues in eggs of red kites indicate their presence in at least breeding 
females, but probably also in nestlings and wintering individuals feeding upon 
medicated livestock in the same area, as suggested by their high bacterial resistance to 
fluoroquinolones and other antimicrobials previously reported (Blanco et al., 2006, 
2007b). All eggs with fluoroquinolones showed residues of both enrofloxacin and 
ciprofloxacin. Enrofloxacin was found at higher concentrations than ciprofloxacin in 
griffon vulture eggs, and the contrary was found in red kite eggs in which ciprofloxacin 
predominated. Overall, fluoroquinolone concentration was higher in griffon vultures 
than in red kites. These differences may be caused by contrasting feeding habits and 
dependence on livestock carrion between the species. Griffon vultures are obligate 
scavengers feeding almost exclusively on livestock carcasses (Donázar, 1993). On the 
contrary, red kites are facultative scavengers also preying on a large variety of wild 
animals (Blanco et al., 2006; authors unpublished data). While vultures ingest complete 
livestock carcasses, including viscera, fat and raw muscle, often a short time after their 
disposal in muladares, red kites usually ingest small pieces of tendons, skin or muscles 
(Blanco et al., 2006; authors unpublished data) opportunistically obtained some time 
after vultures have completed their feeding bouts (Hiraldo et al., 1991; pers.obs.). These 
contrasting feeding habits may promote differences in the concentration of both 
quinolones sampled due to the hepatic metabolization of enrofloxacin to ciprofloxacin 
in livestock and birds, as suggested by the relationships between the concentration of 
both molecules in particular eggs. Thus, vultures consume the main target of quinolones 
in livestock, that is viscera (especially the liver) and fat, while kites mostly feed upon 
small pieces of skin and muscle where residues of the metabolite ciprofloxacin may 
reach higher concentrations than its precursor enrofloxacin. Enrofloxacin, but not its 
metabolite ciprofloxacin, is the drug administered to livestock (EMEA, 2004). 
Ciprofloxacin is often and exclusively used in human therapy but not in livestock, as 
opposed to enrofloxacin, which is exclusively used in livestock due to international laws 
directed to preserve the effectiveness and adequacy of antimicrobials for human use 
(Burgess and Hall, 2007). Metabolization of enrofloxacin to ciprofloxacin may increase 
with time between livestock death and carcass disposal in muladares, as well as with the 
time between disposal and consumption by scavengers, thus explaining their contrasting 
concentrations in each species and the relationships between both molecules in 
particular eggs. 
 No bacterial growth was detected in unhatched eggs containing fluoroquinolone 
residues in either species, thus these eggs were microbiologically sterile due to the 
antimicrobial action of these drugs. This is a striking result, because non-viable eggs are 
usually colonised by bacterial flora, especially after the start of incubation (Bird et al., 
1984; Cooper, 1998), and by opportunistic saprophytic bacteria after inviable eggs were 
abandoned by incubating females (Cooper, 1998; this study). In fact, both unhatched 
eggs without quinolones in central Spain and unhatched eggs from western and southern 
Spain (all without quinolone residues) showed growth of opportunistic saprophytic 
bacteria or pathogenic bacteria that may often cause hatching failure (Battisti et al., 
1998; Jones et al., 2002). These results further indicate the strong impact of quinolones 
on the normal development of avian embryos by eliminating normal flora. 
Histopathological examination of failed embryos containing quinolone residues 
showed severe damage in articular cartilages and tendons, as well as alterations in large 
bone epiphysis growth. These lesions were similar to those described for neonatal or 
developing laboratory animals after the experimental exposition to quinolones 
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(Patterson, 1991; Gough et al., 1992; Hildebrand et al., 1993; Förster et al., 1996; 
Simonin et al., 1999; Stahlmann, 2003; Maślanka et al., 2003). These effects may reflect 
the progressive damage of chondrocyte organization during embryo development. 
Fluoroquinolones have been reported to variably affect articular cartilages in dogs 
depending on developmental stage, being especially damaging at younger ages 
(Stahlmann, 2003; Maślanka et al., 2003). Similarly, experiments performed in rats 
indicate a highest sensitivity for articular cartilage defects between 3 and 6 weeks 
postnatally (Gough et al., 1992; Hildebrand et al., 1993; Förster et al., 1996; Simonin et 
al., 1999). Several studies reported epiphyseal growth plate damage by fluoroquinolones 
associated with irreversible bone damage and growth inhibition (Förster et al., 1996). 
Fluoroquinolones have also been reported to cause alterations in connective tissue 
reflected in microscopic tendinopathies (Sendzik et al., 2005). Action mechanisms of 
these drugs consist of the inhibition of DNA topoisomerase (α2-girase and β2-girase), 
and in some instances, the interference in DNA, collagen and proteoglycan synthesis 
(Sendzik et al., 2005; Channa et al., 2006). Pathogenesis of fluoroquinolone toxicity can 
be explained by two general properties of these drugs, that is, their capability to form 
oxygen-derived reactive molecules and their magnesium-chelating properties that lead 
to a deficit of functionally available magnesium and, subsequently, to free-radical 
formation and irreversible connective tissue lesions (Förster et al., 1996). 
Fluoroquinolones are also contraindicated in pregnant women and their use in children 
remains controversial due to potential similar chondral damage (Pino et al., 1991; 
Cukierski et al., 1992; Lipsky et al., 1999; Kim et al., 2000; Guzman et al., 2003; 
Stahlmann, 2003). In scavenger raptors, our results indicate similar fluoroquinolone 
effects on embryos, although damage seems more severe than those reported for 
laboratory and companion animals probably due to neonatal exposition and continuous 
exposure to these drugs in the closed environment of the egg. Together, these effects 
caused a generalised articular chondral damage that could preclude normal embryo 
movements and successful hatching and thus, may be the primary cause of embryo 
death. 
In conclusion, this study indicates that fluoroquinolone residues may lead to 
chrondral damage in embryos of scavenger raptors. To our knowledge, this is the first 
study showing damaging effects on embryos of wild birds associated to the presence of 
veterinary drugs. These results offer new insights to explain reduced breeding success 
of avian scavengers in Spain (Carrete et al., 2006; authors´unpublished data) due to the 
detrimental effects on developing eggs of veterinary drugs from livestock operations. In 
Spain, the main stronghold of vultures in Europe, legal measures to mitigate the spread 
of bovine spongiform encephalopathy forced to eliminate most of the traditional carcass 
dumps (called muladares in Spain) to create or maintain a few number of them where 
scavengers are provided with carcasses from stabled livestock (Tella, 2001). This is the 
most widely conservation action  undertaken to conserve declining populations of 
scavengers, which until few years ago used the more abundant, traditional muladares 
(Blanco et al., 2007a, 2007b; Carrete et al., 2007). Fluoroquinolones may represent a 
serious problem for avian scavenger populations exposed to these drugs in feeding 
areas, especially when their food is primarily dependent on carcasses of stabled, 
intensively medicated livestock (Blanco et al., 2006, 2007 a, 2007b; Lemus et al., 
2008). Due to the increasing use of fluoroquinolones in recent years (Van Bambeke et 
al., 2005; Sukul and Spiteller, 2007), and their potential misuse by farmers, avian 
scavengers may be at an increased risk to exposure to these drugs. Uncontrolled 
antimicrobial ingestion may represent a primary conservation concern for threatened 
avian scavengers depending on the availability of medicated livestock and other more 
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adequate food supplies such as wild prey and unstabled livestock (Blanco et al., 2006, 
2007a, 2007b) including free-grazing sheep and cows, whose carcasses cannot be 
legally abandoned in the countryside as they traditionally were (Donázar, 1993; Tella, 
2001; Blanco et al., 2007a). 
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Figure legends 
 
Fig. 1. Relationships between concentration (μg/ml) of enrofloxacin and ciprofloxacin 
in unhatched eggs of griffon vultures and red kites from Segovia, central Spain. Least 
square regression line is shown. 
 
Fig 2. Mean (± SE) total concentration (μg/ml) of quinolones (summing enrofloxacin 
and ciprofloxacin concentrations) found in unhatched eggs of griffon vultures (n = 10) 
and red kites (n = 10) from Segovia, central Spain.  
 
Fig. 3. Longitudinal section of femoral epiphysis from a griffon vulture embryo 
containing quinolone residues. (a) H-E stain (40X) showing clefts in the surface of the 
articular cartilage (arrows) and necrotic cartilage adjacent to clefts with disorderly 
arranged chondrocytes (inside the rectangle). (b) PAS stain (100X) showing 
chondrocyte clusters producing glycosaminoglycans distributed following no clear 
pattern throughtout the articular cartilage. 
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Table 1. Concentration of quinolones in infertile and embryonated eggs of griffon vultures and red kites, and presence of opportunistic and 
pathogenic bacteria and embryo chondral damage. 
 
           Griffon vulture eggs  (n = 12) Red kite eggs (n = 11) 
 Unfertile eggs (n = 8) Fertile eggs (n = 4) Unfertile eggs (n = 4) Fertile eggs (n = 7) 
 without 
quinolones  
(n = 2) 
with 
quinolones 
(n = 6) 
without 
quinolones 
- 
with 
quinolones 
 (n = 4) 
without  
quinolones 
- 
with 
quinolones 
(n = 4) 
without 
quinolones 
(n = 1) 
with 
quinolones 
(n = 6) 
Enrofloxacin (μg/ml) - 7.59 ± 1.48 - 6.47 ± 3.08 - 2.18 ± 0.89 - 2.48 ± 0.79
Ciprofloxacin (μg/ml) - 2.45 ± 1.28 - 4.43 ± 2.25 - 5.42 ± 1.16 - 6.24 ± 1.33
Bacterial growth opportunistic no  - no - no C. psittaci no 
Embryo chrondral damage - - - yes - - no yes 
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Capítulo 5 
Ingestion of multiple veterinary drugs and associated impact on vulture health: 
Implications of livestock carcass elimination practices  
 
 
Guillermo Blanco, Jesús Á. Lemus, Félix Martínez, Bernardo Arroyo, Marino García-
Montijano and Javier Grande  
 
 
 
 
Summary 
Veterinary drugs present in livestock carcasses may be ingested by scavengers and may 
cause important declines in their populations, as reported for diclofenac in Asia. Drug 
content of carcasses may depend on the prevailing livestock operations and legal regulations 
for carcass elimination. In Spain, the main stronghold of vultures in Europe, legal measures 
to mitigate the spread of bovine spongiform encephalopathy (BSE) have caused the lack or 
scarcity of unstabled livestock carcasses available for avian scavengers, and the parallel 
increase in use of dumps of livestock carcasses supplied by farms, especially of intensively 
medicated pigs and poultry. We evaluated temporal trends in the presence and concentration 
of antibiotics and other veterinary drugs, and their associated health impacts on three vulture 
species, due to the ban of abandoning unstabled livestock carcasses in the countryside since 
the BSE crisis. An increasing presence and concentration of antibiotics since the BSE crisis, 
and residues of three non-steroidal anti-inflammatories (NSAIDs) and four anti-parasitics 
were found in the vultures. Quinolones were associated with infection by opportunistic 
pathogens in the three species and with generalized damage to internal organs in the 
cinereous vulture, but no clear health impacts of NSAIDs and anti-parasitics were found. 
Given that there is no evidence of BSE transmission risk due to the abandonment of 
unstabled livestock carcasses in the countryside, this traditional practice in the 
Mediterranean region should be legalized in order to increase the availability, dispersion and 
quality of food for threatened scavengers. Once legalized, this practice should be prioritized 
over the spatially concentrated disposal of large amounts of carcasses from medicated 
stabled livestock to reduce the risk and effects of drug ingestion and acquisition and 
transmission of pathogens by vultures. 
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Introduction 
 
Modern intensive livestock production uses huge quantities of veterinary drugs and 
generates large amounts of residues containing these drugs. Residues from dead animals 
may have an important impact on environmental health when these residues accumulate or 
concentrate due to disposal practices or absence of scavengers consuming them (Blanco et 
al. 2007a; Sekercioglu 2006). However, with the exception of diclofenac on the Indian 
subcontinent (see review by Swan et al. 2006), there is scarce information on the impact of 
veterinary pharmaceuticals contained in dead livestock on the health of the scavenger 
species that consume them (Lemus et al. 2008, 2009; Lemus & Blanco 2009). 
Several factors may determine a variable risk of ingestion of veterinary drugs by 
avian scavengers. First, the risk of ingestion of veterinary drugs may depend on prevailing 
livestock operations, specifically the dominant livestock species and the medication 
practices (Blanco et al. 2007a,b). Second, it may depends on the availability and abundance 
of carcasses from livestock subjected to different medications, which, in turn, depends on 
the practices of eliminating livestock carcasses (Donázar et al. 1997). Therefore, livestock 
species, abundance and availability of carrion, as well as their drug content may be closely 
related, especially regarding the elimination practices of stabled and unstabled livestock 
carcasses. Unstabled livestock, primarily sheep, cows and goats in the Mediterranean, have 
traditionally provided spatio-temporally unpredictable and dispersed carrion distributed in 
discrete units at their place of death in the countryside (Donázar 1993; Donázar et al. 1997). 
On the other hand, housed livestock may represent a source of predictable, concentrated and 
superabundant food, when their carcasses are disposed in dumps close to farms (hereafter 
muladares) or in vulture restaurants (Donázar 1993, Donázar et al. 1997; Blanco & Montoya 
2004; Blanco et al. 2007a). Intensification of livestock production in housed conditions has 
been accompanied by an increase in the use of veterinary drugs to mitigate increasing 
disease, and in prophylaxis treatments, in conditions of high livestock production including 
high stocking densities and rapid growth. Unstabled livestock grazing freely is 
comparatively much less medicated than stabled livestock due to the lower risk of infection 
and disease under outdoor and lower density conditions (Steinfeld et al. 2006), and because 
the high costs of these veterinary treatments does not compensate for the low economic 
output of these livestock practices, especially regarding sheep and goats (Donázar et al. 
1997; Steinfeld et al. 2006). 
For centuries, the abandonment of carcasses for consumption by vultures of 
unstabled livestock at the location of death has been a common practice in the 
Mediterranean region (Donázar et al. 1997). On the contrary, the accumulation and 
predictability of carrion in muladares represent a novel event in evolutionary history with 
generally unknown consequences on population dynamics and conservation of scavengers 
(Carrete et al. 2006a,b; Blanco et al. 2007a). Both practices of livestock carcass elimination 
have been simultaneously used in recent decades. This has probably allowed for the 
maintenance of large populations of vultures partially benefiting from the increase in 
abundance of stabled livestock carrion but also exploiting unpredictable and dispersed 
carcasses throughout their distribution range (Donázar et al. 1997; Blanco et al. 2007a; 
Carrete et al. 2006a,b, 2007). As a consequence of the bovine spongiform encephalopathy 
(BSE) crisis in 2001, a progressive loss of many traditional dumping sites has occurred due 
to new regulations in the EU (Tella 2001). Since then, legal requirements for the elimination 
of livestock carcasses distinguish between risk and non-risk material for BSE transmission 
(European reglaments: EU999/2001, EU1774/2002, EU322/2003, EU830/2005) in spite of 
the lack of evidence of any risk for BSE transmission from abandoned unstabled livestock in 
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the countryside (CMIEET 2001; Crozet and Lehmann 2007). These regulations particularly 
distinguished between intensively reared stabled livestock (pigs, poultry and rabbits) and 
free-grazing cattle, goat and sheep such as in much of Spain, the carcasses of which can 
nowadays not be legally abandoned in the countryside.  
Carrion available for scavengers in muladares often corresponds to stabled livestock 
previously medicated to treat disease but which, once dead, are immediately disposed of in 
the dumps without any withdrawal period and pathogen or drug residue control. Therefore, 
the concentration of scavengers in large carcass refuse dumps feeding upon carrion from 
stabled livestock considered non-risk for BSE transmission may increase the risks of 
ingestion of veterinary drugs and infection with pathogens from intensively medicated and 
spatially concentrated livestock carrion (see Blanco et al. 2006, 2007a,b; Lemus et al. 2008; 
Lemus & Blanco 2009 for the ingestion of antibiotics). Here, we searched for non-steroidal 
anti-inflammatories (NSAIDs) and anti-parasitic drugs in the three vulture species breeding 
in central Spain in order to further assess the potential ingestion of veterinary drugs after the 
BSE crisis. We analysed the relationships between the presence of selected pathogens, 
disease caused by Candida albicans and veterinary drugs to evaluate their impact on 
vultures health. Finally, we evaluated the association between the presence of antibiotics and 
other drugs, especially the NSAID flunixin meglumine that has been reported associated 
with mortality in captive ill birds (Cuthbert et al. 2007), and internal organ damage in dead 
cinereous vultures. We discussed the potential changes in the ingestion of veterinary drugs 
due to changing livestock operations after the BSE crisis.  
 
Materials and methods 
 
Study areas and fieldwork 
 
The study was conducted from 2000 to 2007 to cover most of the distribution range of the 
three vulture species breeding in the Central Mountains and associated canyons of the 
Castilian Highlands, central Spain (provinces of Segovia, Madrid and Ávila). Griffon 
vultures were sampled in their main colonies in the Segovia province (gorges of the Duratón 
and Riaza rivers). Egyptian vultures were sampled in the same gorges, and in their 
surroundings in the Segovia province. Cinereous vultures were sampled in most breeding 
nuclei of the Central Mountains colony (Alto Lozoya and Valdemaqueda in Madrid 
province, Río Moros, Navafría and Valsaín in Segovia province, and Valle de Iruelas and its 
surroundings in Ávila province). 
Nestlings were sample for blood and pathogens presence as described previously 
(Lemus et al. 2008). 
 
Determination of antibiotics, NSAIDs and anti-parasitics 
 
Presence and concentration of veterinary drugs in blood were determined in nestlings, as 
well as in sick individuals found in or around nests and admitted to wildlife rehabilitation 
centres. Blood sampling was conducted at the entry of vultures in the rehabilitation centres, 
prior to any treatment conducted to attempt recovering them. Dead cinereous vultures found 
in or around nests from 2002 to 2007 were necropsied and drugs were determined in liver 
samples when their state of conservation allowed it (see Lemus et al. 2008 for details). Most 
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dead vultures were found fresh due to the intensive monitoring conducted on nests and 
colonies.  
The presence and concentrations of residues of quinolones (enrofloxacin and 
ciprofloxacin), amoxicillin, oxytetracycline, NSAIDs (diclofenac -banned for veterinary use 
in the EU-, flunixin meglumine, ketoprofen, ibuprofen, meloxicam, aspirin and paracetamol) 
and anti-parasitics (metronidazole, diclazuril, fenbendazole and ivermectin) in plasma were 
determined using HPLC and microbiological techniques and standard protocols, as 
described previously (see Lemus et al. 2008, 2009).  
 
Determination of pathogens 
 
We determined the presence of two bacterial (Mycobacterium avium, Salmonella sp.) and 
two fungal (Candida albicans, Aspergillus fumigatus) species due to their known severe 
pathogenicities in birds and their potential to proliferate following the ingestion of 
antibiotics through the alteration of normal flora (Lemus et al. 2008). Methods to determine 
the presence of these pathogens were described in detail elsewhere (Blanco et al. 2006, 
Lemus et al. 2008). Only clinical Candida albicans was considered, which was determined 
by the presence of lesions in the oral cavity.  
Using blood samples collected before the BSE outbreak, we were able to determinate 
the presence of Salmonella sp. and Mycobacteriun avium by means of PCR techniques but 
not by microbiological methods, which requires sampling of the cloacal and tracheal 
mucosas. Therefore, the presence of these pathogens can not be confirmed from the older 
samples by means of microbiological methods. The fungal pathogens could not be 
determined in blood but only by examining the oral cavity and by sampling the choana and 
nares mucosas, which was not done before 2003. Therefore, the assessment of the presence 
of pathogens was not complete for the first study years.  
We tested for univariate associations between the presence of pathogens, disease 
caused by Candida albicans and the presence of antibiotics, NSAIDs and anti-parasitics, by 
means of contingency tables and exact probabilities, and by log-linear analysis to test the 
interactions between them. 
 
Necropsy and histopathological examination 
 
Dead vultures found in or around nests were necropsied and samples of lesions and selected 
tissues (liver, kidney, thymus, spleen, bursa of Fabricius, gonads, lungs and heart) were 
collected and fixed in 10% neutral buffered formalin for histopathological examination. We 
recorded the presence of macro and microscopic lesions in these organs (see Lemus et al. 
2008 for details). Regarding the liver, we recorded whether this organ was (1) enlarged, (2) 
presented degeneration (vacuolar degeneration of the parenchyma and deformed trabeculae) 
and (3) hyperplasia and fibrosis of the bile ducts with mononuclear infiltrates. Regarding the 
kidney, we recorded the presence of (1) an enlarged size and pale pink colour, (2) 
glomerulonephritis, (3) glomerulonephrosis, (4) mononuclear infiltrates and (5) white 
diffuse precipitates on the surface and within the renal parenchyma. We also recorded the 
depletion of lymphoid organs: (1) spleen, (2) bursa of Fabricius and (3) thymus. Finally, we 
recorded the presence of congestion and swelling in the upper digestive tract.  
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We tested for univariate associations between the presence of these lesions as 
categorized above and the presence of antibiotics, NSAIDs and anti-parasitics, by means of 
contingency tables and exact probabilities. Given that these drugs and lesions may be inter-
related, we conducted log-linear analysis to test the interactions between them. In order to 
simplify the analysis, we pooled the presence of the different lesions (as categorized above) 
recorded in each organ to assess the presence or absence of an affected digestive tract, 
kidney, liver and lymphoid organs independently of the presence of single or multiple 
different lesions in particular organs/systems.   
 
Results 
 
Trends in the presence and concentration of antibiotics in nestlings 
 
We found no antibiotic residues in griffon vultures sampled before and after several years 
since the ban on abandoning carcasses of free-range livestock in the countryside due to the 
BSE crisis. Since 2005, the prevalence of circulating antibiotics increased dramatically to 
reach a peak of about a 70% of nestling griffon vultures with antibiotics in 2006 (Fig.1). We 
lack data from before the BSE crisis for cinereous vultures, but data collected afterwards 
showed an increasing trend in the prevalence of circulating antibiotics, with most nestlings 
carrying antibiotics in 2007. Egyptian vultures showed a slight increase in the prevalence of 
circulating antibiotics after the BSE crisis, with subsequent stable or slightly variable values 
between years (Fig. 1). In the three species, quinolones showed the highest prevalence alone 
or in combination with other antibiotics (Fig. 1).  
Average concentration of circulating quinolones, pooling enrofloxacin and 
ciprofloxacin, slightly increased with time in griffon and cinereous vultures (Fig. 2), 
although it did not differ between years in either species (ANOVA, both P > 0.05). 
Quinolone concentration decreased significantly from 2003 to 2007 in the Egyptian vulture 
(linear regression, β = -0.698, F1,14 =12.312, P = 0.003, Fig. 2). Overall, quinolone 
concentration differed between species (F2,86 =10.010, P < 0.0001), with mean values 
(pooling all years) higher in griffon than in cinereous and Egyptian vultures (post-hoc Tukey 
test, both P < 0.001, Fig. 2). Similar results were found excluding 2003, for which we only 
have data for Egyptian vultures (two-way ANOVA, species: F2,86 =10.118, P < 0.0001, 
year: F3,86 =0.582, P = 0.629, interaction: F4,86 =1.576, P = 0.189). 
 
Antibiotics in sick and dead vultures 
 
All sick cinereous (n = 20) and griffon (n = 18) vultures admitted to a wildlife rehabilitation 
centre in Madrid showed antibiotic residues (prevalence = 100% in both species), especially 
quinolones (prevalence = 100% in both species; enrofloxacin = 75%, 100%, ciprofloxacin = 
75%, 55.6% for cinereous and griffon vultures, respectively). Both quinolones were found at 
high concentrations (μg/ml) in cinereous (enrofloxacin: 0.093 ± 0.49, n = 15, ciprofloxacin: 
0.11 ± 0.06, n = 15) and griffon vultures (enrofloxacin: 0.11 ± 0.04, n = 18, ciprofloxacin: 
0.07 ± 0.02, n = 10). The remaining antibiotics were found at a lower prevalence 
(oxytetracycline: 25.0%, 22.2%; amoxicillin: 15.0 %, 16.7%) and concentration 
(oxytetracycline: 0.05 ± 0.27, n = 5, 0.08 ± 0.03, n = 4; amoxicillin: 0.12 ± 0.36, n = 3, 0.06 
± 0.02, n = 3) in cinereous and griffon vultures, respectively. Dead cinereous vultures (n = 
29) showed a high prevalence of antibiotics in the liver (65.5%), especially of quinolones 
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(65.5%, enrofloxacin: 48.3%, ciprofloxacin: 55.2%) and other antibiotics (oxytetracycline: 
10.3%; amoxicillin: 17.2%), at high concentrations (in μg/g, enrofloxacin: 0.07 ± 0.02, n = 
14, ciprofloxacin: 0.09 ± 0.03, n = 16, oxytetracycline: 0.10 ± 0.04, n = 3, amoxicillin: 0.06 
± 0.02, n = 5).  
 
Trends in the presence and concentration of other drugs 
 
We found circulating residues of three of the seven different NSAIDs tested for in nestlings 
of the three vulture species (Table 1). We found no residues of diclofenac, ketoprofen, 
ibuprofen and meloxicam in any nestling samples nor in dead and living individuals 
admitted to the rehabilitation centre. Flunixin meglumine was the only NSAID showing 
circulating residues in the three species, although the highest prevalence was found for 
aspirin, which was present in griffon and cinereous vultures but not in Egyptian vultures. 
We found no clear trend in the proportion of griffon and cinereous nestlings showing 
NSAIDs (Fig. 3), although Egyptian vultures showed residues of flunixin meglumine only 
in 2000 but not afterwards (Fig. 3). This NSAID showed relatively low and stable  
between-year prevalences in griffon (2001 and 2004 = 0.0%, 2005 = 13.3%, 2006 = 3.8%, 
2007 = 13.3%) and cinereous vultures (2004 = 2.8%, 2005 = 7.7%, 2007 = 0.0%, sample 
sizes as in Fig. 1). Given the apparent lack of temporal trends in the prevalence of NSAIDs 
and due to the small sample size of individuals with circulating NSAIDs, we pooled  the 
concentrations of particular drugs in each species across years to show mean values (Table 
1). The highest concentrations were found for flunixin meglumine in the three species 
(Table 1). Between-species comparisons in the concentration of NSAIDs were precluded by 
small sample sizes, but were higher in cinereous than in griffon vultures, especially for 
aspirin (F1,15 = 23.801, P < 0.0001, Table 1). 
 
All four anti-parasitics tested for were found in at least two of the vulture species 
(Table 1). Nestling cinereous vultures showed residues of all tested anti-parasitics (Table 1). 
Griffon vultures showed all anti-parasitics except diclazuril, which was the only anti-
parasitic found in Egyptian vultures (Table 1). Total prevalence of anti-parasitics was 
slightly higher than that of NSAIDs, although concentrations of anti-parasitics were 
generally lower than those of NSAIDS (Table 1). We found no anti-parasitic residue in 
griffon vultures sampled before 2005, at which point the prevalence of circulating anti-
parasitics began to increase until reaching a peak of about 30-40% of nestlings with 
antibiotics in recent years (Fig. 3). No clear trend was found in the prevalence of circulating 
anti-parasitics in cinereous and Egyptian vultures (Fig. 3).  
 The proportion of sick and dead cinereous and griffon vultures showing each NSAID 
and anti-parasitic drug, as well as their concentration in blood (living individuals) and liver 
(dead individuals) upon admission to the rehabilitation centre is shown in Table 1.      
  
Association between circulating drugs, pathogen presence and disease 
  
We did not find any of the tested pathogens in nestling griffon vultures sampled before and 
even several years after the BSE crisis (Fig. 4), coinciding in time with the lack of 
circulating antibiotics (Fig. 1). However, the prevalence of pathogens dramatically increased 
in the most recent study years (Fig. 4). A similar increasing trend was found in cinereous 
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vultures, for which we have no data before the BSE crisis. Egyptian vultures showed no 
apparent trend in the prevalence of pathogens across the years (Fig. 4).  
Prevalence of pathogens, antibiotics and anti-parasitics increased significantly across 
the study period in the griffon vulture (Table 2, Figs.1, 3, 4). The relationship between 
presence of pathogens and antibiotics controlling for the effects of the remaining 
interactions was marginally significant in the griffon vulture (Table 2) probably due to the 
strong relationships of pathogens and antibiotics with year. Considering data from years in 
which antibiotic residues begin to be present in griffon vultures (since 2005 onwards), the 
presence of pathogens was related to the presence of antibiotics (log-linear analysis, χ21 = 
9.070, P = 0.0026) but not to the presence of NSAIDs (χ21 = 2.223, P = 0.14) and anti-
parasitics (χ21 =0.05, P = 0.83; goodness of fit,  χ210= 6.69, P = 0.75). The analysis of 
cinereous vultures showed a clear association between the presence of pathogens and 
antibiotics, an increase of pathogens with years, and a weak relationship between pathogens 
and NSAIDs (Table 2). However, we found no inter-annual variation in the presence of 
antibiotics, NSAIDs and anti-parasitics when controlling for the previous interactions (all P 
> 0.05). The analysis of Egyptian vultures showed a clear association between the presence 
of pathogens and antibiotics (Table 2), but no other significant interaction (all P > 0.05).  
Disease (lesions) caused by Candida albicans was significantly associated to the 
presence of quinolones (Fig. 5) in griffon  (log-linear analysis, χ21 = 11.187, P = 0.0008) and 
cinereous vultures (χ21 = 23.172, P < 0.0001), but not to those of NSAIDs and antiparasitics 
(both P > 0.05), controlling for the effects of the remaining interactions (goodness of fit,  
χ255= 8.92, P = 1.00 and, χ238= 29.98, P = 0.82). The relationship between disease and 
presence of quinolones can not be adequately evaluated in Egyptian vultures due to the 
small sample size of individuals (n = 2) with Candida albicans lesions. 
 
Association between drugs and internal organ damage 
 
We found no clear association between the presence of particular or pooled NSAIDs and 
anti-parasitics and any macroscopic or microscopic lesions in internal organs of dead 
cinereous vultures, considering specific lesions (see categorization in methods) or pooling 
them in each particular organ (all P >0.05). For instance, the presence in liver of flunixin 
meglumine (FM), was found not associated to any specific lesion (all P > 0.20) or global 
organ damage (pooling particular lesions) in dead cinereous vultures (n = 8 and 16 with and 
without FM respectively, damage in liver: with FM = 62.5 %, without FM = 75.0%; damage 
in kidney: with FM = 87.5%, without FM = 75.0%, damage in lymphoid organs, with FM = 
62.5 %, without FM = 68.8%; all P> 0.631). On the contrary, we found a significant 
association between the presence of antibiotics and the presence of congestion and swelling 
of the upper digestive tract (P = 0.005), enlarged liver (P = 0.001), liver degeneration (P = 
0.021), enlarged pink kidney (P = 0.001) glomerulonephritis (P = 0.001) 
glomerulonephrosis (P = 0.021) and white kidney precipitates (P = 0.032). In addition, all 
lymphoid organs showed depletion associated with the presence of antibiotics (all P < 
0.0001). The same associations remained significant when the presence of quinolones was 
analyzed independently of the other antibiotics found (amoxicillin and oxytetracyclines), 
which were not significantly related to any specific or general lesion (all P > 0.05). Visceral 
gout nor macro or microscopic lesions were not found in lungs, heart or gonads of any dead 
cinereous vulture. Relationships between presence of each group of drugs (antibiotics, 
NSAIDs and anti-parasitics) and general damage in each organ (pooling lesions in liver, 
kidney, digestive tract and lymphoid organs) controlling for the effects of the remaining 
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interactions showed a prominent association between antibiotics and damage in lymphoid 
organs (log-linear analysis, χ21 =  30.553, P < 0.0001), kidney (χ21 = 13.979, P = 0.0002), 
liver (χ21 = 12.496, P = 0.0004) and upper digestive tract (χ21 = 9.499, P = 0.0021; goodness 
of fit,  χ2118= 36.992, P = 1.00) but no significant interaction including NSAIDs or anti-
parasitics (all P > 0.05, Fig. 6). These significant associations between antibiotics and organ 
damage were due to the influence of quinolones, as similar results were obtained when 
quinolones were considered independently of amoxicillin and oxytetracyclines, which 
showed no significant interaction with organ damage (all P > 0.05).  
  
Discussion 
 
This study shows that avian scavengers feeding upon carcasses of medicated livestock may 
be exposed to multiple veterinary drugs. In addition to antibiotics previously found in 
livestock carcasses and vultures (Lemus et al. 2008), we found circulating residues of 
NSAIDs and anti-parasitics in nestling vultures. To our knowledge, this is the first report of 
residues of multiple NSAIDs and anti-parasitics found together with antibiotics in any wild 
animal. Indeed, we found an increasing trend in the proportion of griffon and cinereous 
vultures showing circulating antibiotics and their concentration, especially quinolones, since 
the first detection of their residues (Lemus et al. 2008). This trend was clearly illustrated by 
data from griffon vultures, as the proportion of nestlings with antibiotic residues increased 
from zero in 2001 and 2004 to nearly 70% in 2006. These increasing trends in the ingestion 
of antibiotics may be caused by the increasing consumption of medicated livestock since the 
ban of abandoning unstabled livestock carcasses in the countryside (Blanco et al. 2006; 
2007a,b; Lemus et al. 2008; authors’ unpublished data), accompanied by a possible 
increasing use of antibiotics in stabled livestock operations. 
Anti-parasitics and NSAIDs were found in a lower proportion of individuals than 
antibiotics in the three species, and their presence generally did not show clear temporal 
trends. This may be due to their less frequent and temporarily variable use in livestock 
operations compared to antibiotics, despite the fact that NSAIDs such as aspirin and 
paracetamol were found in griffon and Egyptian vultures before the BSE crisis, when no 
circulating antibiotics could be found in griffon vultures but were found in Egyptian 
vultures. Differences in the prevalence and concentration of NSAIDs and anti-parasitics 
between species may be caused by their contrasting feeding habits and variable dependence 
on livestock carrion. Griffon and cinereous vultures showed residues of three NSAIDs, 
while Egyptian vultures only showed circulating residues of flunixin meglumine. This drug 
is frequently used in swine (Kahn 2005), on whose carcasses griffon and cinereous vultures 
primarily feed in the study area. Egyptian vultures exploit swine carrion less intensively as 
they consume carrion from a wide variety of wild prey (Donázar 1993; Blanco et al. 2007b), 
which may explain the lack in nestlings of other NSAIDs primarily used in swine 
operations. In addition, while griffon and cinereous vultures ingest complete livestock 
carcasses, including viscera, fat and raw muscle, often a short time after their disposal in 
carcass dumps, Egyptian vultures usually ingest small pieces of skin or muscles (Donázar 
1993; Blanco et al. 2007b) opportunistically obtained during or after feeding bouts of the 
larger species (Donázar 1993). Thus, while griffon and cinereous vultures consume the main 
target of veterinary drugs in livestock, that is viscera (especially the liver), Egyptian vultures 
mostly feed upon livestock parts in which residues of these drugs may be lower (EMEA 
2004). 
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Degradation of veterinary drugs found in livestock carrion may increase with the 
time between disposal and consumption by scavengers, which is often longer for 
Egyptian than for cinereous and, especially, griffon vultures due to contrasting abundance 
and social habits of carrion exploitation between species (Donázar 1993). In fact, 
although Egyptian vultures may arrive first to recently disposed carcasses, they are not 
anatomically capable reaching internal organs of large livestock (Donázar 1993), such as 
of those of pigs. Egyptian vultures may even not gain access to these organs after the 
arrival of the other two vulture species, which may consume large amounts of carrion in a 
short time period (Donázar 1993). The presence and concentration of different anti-
parasitics further indicated the influence of diet and feeding habit differences between 
species. While nestling cinereous vultures showed residues of all tested anti-parasitics, 
griffon vultures showed all anti-parasitics except diclazuril, which was the only anti-
parasitic found in Egyptian vultures. Diclazuril is primarily used in poultry (Kahn 2005), 
on which carcasses cinereous and Egyptian vultures often fed (Donázar 1993; Blanco et 
al 2007b).  
 Previously, a marked association between antibiotic residues, especially quinolones, 
and disease in the three vulture species was reported probably due to the promotion of 
immunosuppression, toxicity, and bacterial flora alteration by ingested antibiotics 
temporarily reducing host resistance to pathogens (Lemus et al. 2008; Lemus & Blanco 
2009). Here, we confirmed this relationship with a larger data set obtained over a wider 
distribution range in the three vulture species. This relationship remained patent and 
statistically significant after controlling for the interannual variation in the prevalence of 
antibiotics and pathogens, and taking into account the potential additional or confounding 
effects of NSAIDs and anti-parasitics. We found an increasing trend in the prevalence of 
pathogens, especially M. avium, C. albicans and Salmonella sp. in griffon vultures, and 
C. albicans in cinereous vultures. These trends were independent of the concomitant 
statistically significant increase in the ingestion of antibiotics and anti-parasitics shown 
by griffon but not by cinereous vultures. This suggests that, in addition to the patent 
impact of antibiotics on disease, there was an independent interannual increase in the 
prevalence of pathogens in both species. This may be due to possible increasing infection 
and conspecific pathogen transmission rates in feeding and breeding locales, especially 
regarding those more contagious and persistent pathogens such as M. avium, which 
increased dramatically in the highly social forager and colonially breeding griffon 
vulture. Egyptian vultures showed no temporal trend in the prevalence of pathogens, 
antibiotics or other drugs. This agrees with both the lower and more variable between-
year dependence of livestock carrion on the inter-annual variation in abundance and 
availability of wild prey (Blanco et al. 2007b) and the potential competition for food with 
the dominant and more abundant griffon and cinereous vultures (Donázar 1993), 
especially at carcass dumps after the BSE crisis. In addition, the less social foraging and 
breeding habits reducing contact of conspecifics may also reduce the intra and inter-
specific probability of pathogen transmission in the Egyptian vulture. Independent of 
these influences, we found a strong association between the presence of antibiotics and 
pathogens in this species. An alternative hypothesis stating that the relationships between 
antibiotics and pathogen presence and disease are associated with foraging on particular 
types of food may be rejected because all nestling vulture from central Spain depends to 
some extent on medicated livestock carrion, the only source of drugs, as demonstrated by 
the presence of remains of such food in all sampled nests (authors’ unpublished data). In 
addition, Candida albicans is a cosmopolitan fungi that lives as a commensal with 
potential pathogenic activity in all wild and domestic animals consumed by vultures. 
Therefore, their pathogenic potential may not depend on its ubiquitous presence in 
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carrion but on the immunodepression and/or normal flora alteration due to antibiotics in 
vultures (Lemus & Blanco 2009). 
 We found a weak positive association between the presence of NSAIDs and 
infection by pathogens in cinereous vultures but not in the remaining species. This 
association was independent of that found between antibiotics and pathogens, which was 
much more patent  probably because of the higher prevalence of circulating antibiotics 
than NSAIDs, and also probably due to the different detrimental effects derived from 
action mechanisms of these drugs. While antibiotics may depress the immune system and 
cause alterations in the normal flora which may promote pathogen acquisition and 
proliferation (Lemus et al. 2008; Lemus & Blanco 2009),  the detrimental effects of 
NSAIDs on health are argued to be more direct by causing visceral gout due to renal 
damage and failure that may be fatal, especially regarding diclofenac (Meteyer et al. 
2005; Swan et al. 2006). This NSAID has been reported to cause severe detrimental 
effects on vulture kidneys, and is considered the primary cause of the dramatic decline of 
vulture populations on the Indian subcontinent (Swan et al. 2006; Green et al. 2007). In 
this study, we found not visceral gout, which has been associated with poisoning of 
vultures by NSAIDs. However, we found that depletion of lymphoid organs, upper 
digestive tract congestion and swelling and renal and liver damage were associated with 
the presence of quinolones but not with NSAIDs and anti-parasitics in cinereous vultures. 
Similar effects have been reported due to quinolones in domestic animals (e.g. Zimpfer et 
al. 2004; Montagnac et al. 2005). Therefore, quinolones seem to be more detrimental to 
vulture health than NSAIDs and anti-parasitics used in livestock operations in Spain. 
These striking results do not invalidate the experiments showing the impact of diclofenac 
on vulture kidneys (see Swan et al. 2006 and references therein) but suggest that 
quinolones may cause similar effects in wild vultures in Spain. The potential detrimental 
impact of antibiotics on health of vultures from the Indian subcontinent has been not 
evaluated despite the likely frequent use of these drugs in livestock operations. Therefore, 
the role of antibiotic ingestion in the dramatic decline of vultures in the Indian 
subcontinent should not be overlooked without additional research.  
There is no evidence of BSE transmission risk due to the abandonment of unstabled 
livestock carcasses in the countryside (CMIEET. 2001; Crozet & Lehmann 2007). 
Therefore, this traditional practice in the Mediterranean region should be legally 
permitted in order to increase the availability, dispersion and quality of food for 
scavengers. Once legally allowed, this practice should be prioritized over the spatially 
concentrated disposal in a few muladares of large amounts of carcasses from medicated 
stabled livestock. In this way, vultures and other scavengers could be subjected to a lower 
risk of acquisition of detrimental veterinary drugs and pathogens from livestock, as well 
as to a lower risk of horizontal pathogen transmission from frequent use of muladares and 
intra- and inter-specific contact. Until the abandonment of unstabled livestock may again 
be legally allowed, pathogen or drug residue control should be conducted on carcasses of 
stabled livestock disposed in muladares to avoid health risks for vultures. Alternatively, 
muladares may be supplied with remains from livestock destined for human consumption 
that may be obtained from slaughterhouses. These remains should be legally free of 
pathogen and drug residues as they have obliged to undergo withdrawal periods on farms 
and pathogen and residue controls in slaughterhouses (FAO/WHO 2006). 
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Table 1. Proportion (%) of individuals with each veterinary drug and their mean (±SD) concentration (between brackets)  in plasma (living 
individuals) or liver (dead individuals) of three vulture species.  
 
a μg/ml or μg/g 
b ng/ml or ng/g
 
Gyps fulvus 
 
Aegypius monachus Neophron  
percnopterus 
Veterinary drugs 
Nestlings 
 
n =102 
Rehabilitation centre 
(alive) 
n = 18 
Nestlings 
 
n = 70 
Rehabilitation centre 
(alive) 
n = 20 
Rehabilitation centre 
(dead) 
n =29 
Nestlings 
 
n = 55 
NSAIDs (total) 19.6 83.3 14.3 55.0 34.5 3.6 
   Flunixin megluminea
    
6.9 
(3.68±1.98, n=7)  
50.0 
(12.34±7.38, n=9) 
2.9  
(14.99±2.58, n=3) 
25.0 
(4.60±1.08, n=5) 
31.0 
(5.50±2.15, n=9) 
3.6 
(16.31±1.52, n=2) 
   Aspirinb 
    
9.8 
(25.80±7.12, n=10) 
38.9 
(57.27±7.10, n=7) 
8.6 
(40.82±2.86, n=6) 
45.0 
(34.21±10.08, n=9) 
20.7 
(38.90±13.76, n=6) 
0.0 
- 
   Paracetamola 
     
2.9 
(0.21±0.02, n= 3) 
33.3 
(0.29±0.07, n= 6) 
2.9 
(0.29±0.04, n=2) 
15.0 
(0.16±0.15, n=3) 
10.3 
(0.16±0.04, n=3) 
0.0 
- 
Antiparasitics (total) 22.5 55.6 15.7 65.0 41.4 12.7 
   Diclazurilb 
    
0.0 0.0 8.6 
(0.36±0.08, n=6) 
15.0 
(0.32±0.85, n=3) 
10.3 
(0.43±0.05, n=3) 
12.7 
(0.39±0.11, n=7) 
   Metronidazoleb 
    
10.8 
(0.32±0.11, n=11) 
5.6 
(0.41, n =1) 
2.9 
(0.19±0.04, n=2) 
25.0 
(0.46±0.06, n=5) 
17.2 
(0.34±0.06, n=5) 
0.0 
- 
   Fenbendazolea 
    
6.9 
(0.37±0.07, n=7) 
38.9 
(0.63±0.07, n=7) 
2.9 
(0.41±0.06, n=2) 
20.0 
(0.30±0.03, n=4) 
10.3 
(0.46±0.08, n=3) 
0.0 
- 
   Ivermectina 
    
6.9 
(3.70±0.50, n=7) 
33.3 
(6.77±0.68, n=6) 
1.4 
(4.40, n=1) 
15.0 
(3.87±1.65, n=3) 
6.9 
(5.90±0.28, n=2) 
0.0 
- 
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Table 2. Results of log-linear analyses testing interaction between presence of each group 
of veterinary drug (antibiotics, NSAIDs and antiparasitics), pathogens and year in 
nestlings of three vulture species. 
Gy  d.f. χ2 
P 
Gyps fulvus 
   
    Pathogens x year 4 24.457 0.0001 
    Antibiotics x year 4 22.588 0.0002 
    Antiparasitics x year 4 21.771 0.0002 
    Pathogens x antibiotics 1 3.792 0.0515 
  Model (goodness of fit) 58 47.645    0.832 
Aegypius monachus 
   
  Pathogens x antibiotics 1 25.019 <0.00001 
  Pathogens x year 2 20.258 <0.00001 
  Pathogens x NSAIDs 1 3.983 0.0460 
  Model (goodness of fit) 37 30.384 0.771 
Ne Neophron percnopterus    
  Pathogens x antibiotics 1 34.802 <0.00001 
  Model (goodness of fit) 70 23.063 1.000 
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Figure legends 
 
Figure 1.Trends in the prevalence (% of individuals) of each antibiotic in blood of 
nestling griffon, cinereous and Egyptian vultures. Numbers represent sample size.  
 
Figure 2. Annual variation in the mean (± SE) concentration (μg/ml) of quinolones 
(summing enrofloxacin and ciprofloxacin) in nestling griffon, cinereous and Egyptian 
vultures. Sample size is shown above bars. 
 
Figure 3. Trends in the prevalence (% of individuals) of NSAIDs and antiparasitics in 
blood of nestling griffon, cinereous and Egyptian vultures. Sample size as in Fig. 1. 
 
Figure 4. Trends in the prevalence (% of individuals) of each pathogen in nestling 
griffon, cinereous and Egyptian vultures. Sample size as in Fig. 1. 
 
Figure 5. Relationships between prevalence of disease (% of individuals with lesions 
caused by Candida albicans) and the presence (black bars) or absence (white bars) of 
quinolones in plasma of nestling griffon (n = 102) and cinereous (n = 70) vultures.  
 
Figure 6. Relationships between internal organs damage (% of individuals with damage) 
and the presence or absence of quinolones, NSAIDs and antiparsitics in liver of dead 
cinereous vultures. Sample size is shown above bars.   
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Capítulo 6 
MHC Diversity and Differential Exposure to Pathogens in Kestrels (Aves: 
Falconidae) 
 
Miguel Alcaide, Jesús A Lemus, Guillermo Blanco, José L. Tella, David Serrano, Juan 
J. Negro, Airam Rodríguez and Marino Garcia Montijano 
 
ABSTRACT 
Pathogen diversity is thought to drive MHC polymorphism given that host’s immune 
repertories are dependent on antigen recognition capabilities. Here, we surveyed an 
entire community of pathogens (N=35 taxa) and MHC diversity in mainland versus 
island subspecies of the Eurasian kestrel Falco tinnunculus and in a sympatric mainland 
population of the phylogenetically related lesser kestrel Falco naumanni. Insular 
subspecies are commonly exposed to impoverished pathogen communities whilst 
different species’ ecologies and contrasting life-history traits may lead to different 
levels of pathogen exposure. Although specific host traits may explain differential 
particular infections, overall pathogen diversity, richness and prevalence were higher in 
the truly cosmopolitan, euriphagous and long-distance disperser Eurasian kestrel than in 
the estenophagous, steppe-specialist, philopatric but long-distance migratory lesser 
kestrel. Accordingly, the continental population of Eurasian kestrels displayed a higher 
number (64 vs. 49) as well as more divergent alleles at both MHC class I and class II 
loci. Detailed analyses of amino acid diversity revealed that significant differences 
between both species were exclusive to those functionally important codons comprising 
the antigen binding sites. The lowest pathogen burdens and the smallest but still quite 
divergent set of MHC alleles (N=16) were found in island Eurasian kestrels, where the 
rates of allele fixation at MHC loci seem to have occurred faster than at neutral markers. 
The results presented in this study would therefore support the role of pathogen 
diversity and abundance in shaping patterns of genetic variation at evolutionary relevant 
MHC genes 
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INTRODUCTION 
Genetic diversity at the functionally important genes belonging to the major 
histocompatibility complex (MHC) is widely believed to influence the evolutionary and 
adaptive potential of populations and species (reviewed by Sommer 2005). This 
multigene family plays a central role in the immune system of vertebrates (Klein 1986). 
In particular, MHC genes code for cell-surface glycoproteins that recognize foreign 
peptides (antigens) for their presentation to CD4+ and CD8+ T lymphocytes, which 
subsequently trigger an adaptive immune response.  MHC class I molecules bind 
peptides derived from the processing of intracellular pathogens, such as viruses or some 
protozoa, whilst MHC class II molecules present peptides from extracellular pathogens 
such as bacteria. The recognition of foreign antigens bound to MHC molecules 
stimulates antibody production against microbial proteins and even the destruction of 
the infected antigen-presenting cell. Genetic variation at MHC genes largely determines 
the spectrum of pathogens the immune system is capable to cope with (Hughes & Nei 
1992), and thus, pathogen diversity and evolution is believed to be responsible for the 
extraordinary high levels of genetic variation commonly found at MHC loci (e.g. 
Robinson et al. 2003, Alcaide et al. 2008). Such a huge variability has steadily attracted 
the attention of evolutionary biologists during the last two decades, and several studies 
have underscored the influence of MHC composition on individual fitness and long-
term persistence of populations and species (reviewed by Sommer 2005, Piertney & 
Oliver 2006). The intensity of selection has shown to be especially significant on those 
amino acid positions belonging to the peptide-binding region (PBR), a highly variable 
extracellular groove that determines the specificity of MHC molecules. Balancing 
selection, spatial variations in pathogen-mediated selective pressures and MHC-
dependent mate choice are among the most widely invoked evolutionary mechanisms to 
explain the biological significance of MHC diversity (see reviews by Sommer 2005, 
Piertney & Oliver 2006). 
 
The strength of diversifying selection acting on MHC loci might be driven by 
the richness and virulence of those pathogen taxa hosts are exposed to. Patterns of host 
exposure, on the other hand, might be influenced by both host’s life histories and 
ecological conditions. Hence, it has been well documented in the literature the influence 
of temperature clines in the worldwide distribution and virulence of pathogens (Clarke 
& Gaston 2006). Patterns of habitat use and range distribution are thought to determine 
the extent and cohabitation period (i.e. the length of exposure to particular infectious 
agents) of some host-parasite interactions (Tella et al. 1999). In addition, species that 
only thrive within a range of environmental conditions are believed to host lower but 
more specialized parasite and pathogen burdens than generalist species with a broad 
tolerance to environmental conditions (Dobson & McCallum 1997). Host dispersal is 
also important for the transmission of parasites and pathogens (e.g. McCoy et al. 2005). 
Island sedentary populations therefore represent a classical example of limited 
pathogen-host interactions due to demographic, environmental and gene flow constrains 
(e.g. Wikelski et al. 2004, Beadell et al. 2007). Migratory species, on the other hand, are 
commonly exposed to at least two different parasite and pathogen faunas during their 
annual cycle (Hubálek 2004). High prevalence of parasites in socially breeding species 
has been attributed to elevated transmission rates in the colonies (Tella 2002). An axis 
of body size, developmental period and life span of hosts has been positively related to 
their immunocompetence and, therefore, to lower infection rates (Tella et al. 2002). 
Risks of infections are expected to differ among species with different feeding habits as 
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well given that prey items constitute a potential source of pathogens and parasites 
(Friend & Franson 1999, Lumeij et al. 2000). 
 
Despite a growing interest in the understanding of the sources of variability in 
pathogen pressure driving MHC evolution, studies simultaneously associating 
environmental and ecological factors with MHC diversity and pathogen outcomes in 
natural populations are notably few (see some examples in Hambuch & Lacey 2002, 
Prugnolle et al. 2005, Blais et al. 2007, Dionne et al. 2007, Göuy de Belloq et al. 2008). 
In birds, even though it is widely recognised that pathogen pressure greatly varies 
among species with different ecologies and life histories, the majority of research efforts 
have focused on inter-specific comparative studies of immunocompetence surrogates, 
such as the size of immune organs (Møller & Erritzøe 1998) and particular immune 
responses (Tella et al. 2002, Matson 2006), without relating them to actual parasite and 
pathogen burdens and MHC evolution. In addition, the study of MHC variation in avian 
species has been mainly put in context of different demographic histories (Richardson 
& Westerdahl 2003, Hansson & Richardson 2005), local adaptations (Ekblom et al. 
2007, Alcaide et al. 2008) or MHC-dependent mating patterns (Ekblom et al. 2004, 
Richardson et al. 2005, Bonneaud et al. 2006a). The few examples linking avian MHC 
diversity to pathogen loads have dealt with single host-pathogen associations so far 
(Bonneaud et al. 2006b, Loiseau et al. 2008, Owen et al. 2008). 
  
We present here one of the very few studies that simultaneously investigates 
variability at both MHC class I and class II genes in relation to a whole community of 
pathogens and parasites, including viruses, bacteria, fungi, protozoan and helminths 
(thereafter termed pathogens for simplicity), in wild populations of two sister bird 
species with contrasting life histories and ecological requirements. We investigated two 
sympatric populations, located in Spain, of the Eurasian Kestrel Falco tinnunculus 
tinnunculus and the phylogenetically related Lesser Kestrel Falco naumanni 
(Groombridge et al. 2002). While the Lesser Kestrel is a habitat-specialist, 
estenophagous, colonial, philopatric and trans-Saharian migratory falcon, the Eurasian 
Kestrel is primarily considered a cosmopolitan territorial breeder, euriphagous, habitat 
generalist and long-distance disperser species (Cramp & Simmons 1980). We tested 
whether such differences in ecology and life histories between the two species (see 
details in Table 1) determine a differential exposure to pathogens, according to the 
hypotheses outlined above, and whether these differences would translate to MHC 
variability. Since our compiled hypotheses predict alternative pathogen pressure 
outcomes (in terms of diversity, richness and/or prevalence, see Table 2), and different 
kinds of pathogens may greatly vary in their virulence and selective forces on hosts, it is 
difficult to anticipate a single clear prediction on which species would show greater 
MHC polymorphism. In addition, we sampled sedentary island populations of two 
subspecies of the Eurasian Kestrel, Falco t. dacotiae and Falco t. canariensis. Island 
subspecies are expected to display reduced levels of MHC variation and pathogen loads 
because of the demographic, environmental and genetic constraints typically associated 
with insularity, which affects both communities of pathogens and their hosts (e.g. 
Dobson & McCallum 1997, Clifford et al. 2006). Finally, MHC variability was 
examined in conjunction with previously reported patterns of neutral genetic variation 
(microsatellites) in the same study system (Alcaide et al. 2009a) to control for the 
confounding effects of effective population size and population fragmentation on MHC 
diversity. 
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MATERIALS AND METHODS 
 
Biological samples for genetic analyses 
We used DNA extracts from a previous study that focused on spatial patterns of 
microsatellite variation in Eurasian and lesser kestrels across the Western Palearctic (see 
Alcaide et al. 2009a for details and DNA extraction protocols). From those individuals 
sampled in Spain, we selected 25 lesser kestrels hatched in large colonies (>10 breeding 
pairs) and 25 Eurasian kestrels raised by solitary breeding pairs.  About 8-9 continental 
kestrels were selected at each of the geographic locations indicated by asterisks in 
Figure 1 until we reached the 25 individuals per species mentioned above. Twelve 
kestrels from the subspecies Falco tinnunculus dacotiae were selected from 
Fuerteventura and 13 kestrels from the subspecies Falco tinnunculus canariensis were 
selected from Tenerife (Fig. 1). DNA samples from island kestrels were taken from both 
adults and nestlings. All individuals were sampled from different nests and were 
therefore presumably unrelated given the low rates of extra-pair paternity and 
intraspecific brood parasitism reported for both species (e.g. Körpimakki et al. 1996, 
Alcaide et al. 2005).  
 
MHC genotyping 
Single MHC class I (exon 3, 255 bp) and MHC class II B genes (exon 2, 267 bp) were 
amplified by means of the polymerase chain reaction (PCR) following the protocols 
described in Alcaide et al. (2007) and Alcaide et al. (in press). Investigation of variation 
at MHC loci requires separating the different PCR amplification products because of 
individuals are likely to be heterozygous. After PCR cleaned-up in Microcon centrifuge 
tubes (Millipore), PCR products were cloned into bacterial plasmid using the PGEM-T 
easy vector system II (Promega). Clones were screened for the expected insert size in 
1.5 % agarose gels by running a second PCR with M13 primers. Six to eight positive 
clones per individual were selected at random for sequencing analysis. This reduced 
number of clones has previously proven satisfactory to isolate the two putative alleles at 
each single MHC locus (see details in Alcaide et al. 2007, 2008, in press). Uncloned 
PCR products were also directly sequenced to check for agreement of polymorphic sites 
with cloned sequences. Sequencing reactions were carried out using the Big Dye 1.1 
Terminator technology and labelled fragments were subsequently resolved into a 
3130xl-automated sequencer (Applied Biosystems).  
 
Estimates of MHC diversity 
MHC sequences were aligned and edited using BioEdit 7.0.5.2 (Hall 1999). Those 
cloned sequences differing in no more than 2 base pairs with respect to a redundant 
sequence were considered PCR artefacts or base misincorporations during bacterial 
replication. Those alleles found only in one particular individual were verified by 
performing a second PCR typing of that individual to avoid an overestimation of MHC 
diversity. Polymorphism statistics and genetic differentiation estimates (KST) were 
calculated using the software DNAsp ver 4.20 (Rozas et al. 2003). MHC heterozygosity 
between each species and subspecies of kestrels was compared through unpaired-t tests 
run on SSPS 16.0 
 
MHC amino acid diversity for mainland and sympatric populations of lesser and 
Eurasian kestrels was estimated for PBR and non-PBR codons separately by means of 
the diversity index d calculated using the program DIVAA (Rodi et al. 2004). 
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Conserved regions are characterised by low values of d, whilst highly polymorphic 
positions display high values of d. A discrepancy between PBR and non-PBR diversity 
would provide evidence concerning the intensity of selection acting specifically on 
antigen binding sites of MHC molecules. Putative amino acid sites conforming the PBR 
of MHC class I and class II molecules in kestrels, i.e. those displaying strong positive 
selection via an excess of non-synonymous over synonymous nucleotide substitutions, 
were previously identified using maximum likelihood and Bayesian methods and 
subsequently compared with those from the well-studied human MHC molecules 
(Alcaide et al. 2007, 2008, in press). Amino acid diversity between PBR and non-PBR 
codons was compared through non-parametric Wilcoxon matched-pair tests run in SSPS 
version 16.0. A similar analysis comparing continental and insular populations was 
considered inappropriate because of the lack of evolution in sympatry and the putative 
influence of founder events during island colonization (e.g. Groombridge et al. 2002). 
In addition, island populations have typically shown reduced but highly divergent sets 
of MHC alleles (e.g. Richardson & Westerdahl 2003, Aguilar et al. 2004, R. Agudo, M. 
Alcaide et al. unpublished data on other raptors). Rather than experiencing strong 
diversifying selection because of a broad spectrum of potential pathogens, the 
impoverished pathogen communities typically described across insular ecosystems (e.g. 
Dobson & McCallum 1997) may promote strong selective pressures in favour of a 
reduced set of alleles. Alleles might nonetheless remain highly divergent to maximize 
antigen-recognition properties, in accordance with the divergent allele advantage 
hypothesis (Wakeland 1990). We therefore believe that high genetic divergence within a 
small set of MHC alleles may inflate amino acid diversity estimates in relation to 
mainland populations more prone to display larger sets of closely related alleles. The 
occurrence of large sets of closely related alleles within a population is nonetheless 
crucial since only a few amino acid differences may confer different degrees of 
protection against continuously evolving pathogens (e.g. Bonneaud et al. 2006b).  
 
Biological samples for pathogen surveys 
 
For pathogen surveys, adult kestrels were captured on nests or using bal-chatri traps, 
while nestlings were sampled on nests when they were close to fledge (i.e., ca. 25-28 
days old). Mainland adult kestrels were trapped from May to June and nestlings were 
sampled from mid-June to mid-July. Only adult birds were trapped in the Canary 
Islands, from November to February. During breeding seasons, island kestrels spend 
most of the time preying on lizards close to their cliff nests and are then very hard to 
trap. Sampled locations are shown in Figure 1. The number of individual sampled for 
each species and subspecies of kestrels is indicated in Table 3. We collected oral and 
cloacae swabs as well as faecal samples. Swabs were preserved with Amies transport 
medium and moved to the lab using ice containers within four-five days. Swabs were 
immediately processed upon their arrival at the lab. About 0.1 ml of blood taken from 
the brachial vein was stored in absolute ethanol for screening pathogens through PCR. 
Two blood smears were immediately taken and later fixed in the laboratory using 
absolute ethanol. Individuals for the genetic and species richness surveys were sampled 
in the same populations during a short period of time (2002-2006). Hence, we did not 
expect artefacts derived from the analysis of birds that had not been included in the 
genetic survey.  
 
Pathogen determination 
  246
We determined the presence/absence of 35 organisms recognised as potential avian 
pathogens, including protozoa, bacterial, viral, fungal, haematozoan and helminths 
species (Table 3). We therefore covered almost the whole pathogenic community, with 
the only exception of ectoparasites. The two most common ectoparasites of kestrels are 
the haematophagous louse flies (Hippoboscidae: Ornithophila gestroi) and Carnus flies 
(Carnus hemapterus), which we were unable to correctly sample because they infect 
nestlings at a very narrow period of growth (Tella et al. 1996). Although unusual, large 
infestations of louse flies may affect host fitness (Bize et al. 2004). The low prevalence 
and abundance of both louse and Carnus flies in kestrels suggests weak effects on their 
hosts (Tella et al. 1996, 1997). On the other hand, the feather-eating Mallophaga 
(Insecta) is very rare in kestrels (authors, unpublish. data), and feather mites (Acari) are 
considered mutualistic rather than pathogenic (Blanco et al. 2001). Therefore, the 
absence of these scarce ectoparasites from our pathogen surveys should not decisively 
affect predictions on MHC diversity.  
 
Pathogenic oral fungi (Candida albicans) were grown by incubating at 37ºC for 
48 hours on standard fungical media composed of Agar Sabouraud. This fungus was 
also determined by PCR from blood samples (Holmes et al. 1995) when samples from 
the oral cavity were not available. Pathogenic oral (Pasterella multocida) and cloacae 
bacteria (Salmonella sp., Campylobacter jejuni, enterotoxigenic Escherichia coli and 
Pseudomonas aeruginosa) were cultured on 5% sheep blood agar, chocolate agar and 
McConkey agar to avoid Proteus sp. overgrowth. Plates were incubated at 37ºC using 
both normal atmospheric and microaerophilic (10% CO2) conditions during 24 hours. 
Suspected colonies were subsequently subcultured on appropriate medium and 
identified using multi-substrate identification strips (API 20 E; BioMerieux) (see 
Blanco et al. 2007 for details).  When microbiological samples were not available, the 
presence of these pathogenic bacteria was determined via PCR from blood samples 
using commercial primers kits (BAX Real time PCR Assay, Dupont) or following 
previously developed protocols (Aranaz et al. 1997, Khan & Cerniglia 1994, Saxena et 
al. 2006). Samples from the same individuals were concurrently tested with 
microbiology standard culture procedures and PCR approaches, with no contradictions 
among samples. Campylobacter colonies were identified through PCR-RFLP of the 
flagellin gene A (Petersen & Newell 2001). The presence of Chlamydophila psittaci in 
blood was determined following the PCR-based methods described in Kahn & Cerniglia 
(1994), while Mycoplasma sp. was determined as described in Mekkes & Feberwee 
(2005) and Tucsányi et al. (2005). The presence of poxvirus (Tadese & Reed 2003), the 
paramyxovirus causing the Newcastle disease (Farkas et al. 2007), the serotypes H5, H7 
and H9 of the avian influenza (Kiss et al. 2006, Farkas et al. 2007), adenovirus 
(Schrenzel et al. 2007), circovirus (Hsu et al. 2006), herpesvirus (Cardoso et al. 2005), 
polyomavirus (Potti et al. 2007), reovirus (Zhang et al. 2006) and West Nile virus 
(Höffle et al. 2007) was determined following the PCR-based methods available in the 
literature. 
 
Blood parasites (Haematozoa) were checked through traditional microscopic 
screening of blood smears (Tella et al. 1999) and PCR-based methods (Hellgren et al. 
2004, Stone et al. 2005) to increase the accuracy of detection (e.g. Cosgrove et al. 2006, 
Valkiŭnas et al. 2006). The protozoa Trichomonas gallinae was screened from the crop 
mucosa collected with swabs as well as through PCR detection (Grabensteiner & Hess 
2006). Fresh faecal samples were examined for coccidian species (Protozooa) by oocyst 
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sporulation with 2.5% potassium dichromate during fourteen days (Forbes & Fox 2005) 
followed by zinc sulfate flotation. For the detection of helminths eggs in faeces 
(trematodes, acantocephalans, cestodes and nematodes) we used the flotation method 
with zinc sulphate solution as well as the slide direct examination procedure (Greiner & 
Ritchie 1994, Clyde & Patton 2001).  
 
 Host sample sizes for age classes and species/subspecies were usually large 
enough (> 15 individuals, range 17-244 except in two cases where n=4, see Table 3) to 
allow obtaining reliable estimates of pathogen prevalences, and thus they were suitable 
for statistical comparisons (Jovani & Tella 2006).  
 
Analyses of variability in pathogen infection 
As a first exploratory overview, we calculated the richness (number of pathogen 
species), diversity (using the Shannon-Wiener index), prevalence (percentage of birds 
infected by at least one pathogen) and individual pathogen richness (number of 
pathogen species per individual) for each species, subspecies and age-class of kestrels 
sampled. Going deeper, we tested for differences in the prevalence of each pathogen 
between continental lesser and Eurasian kestrels (considering nestlings and adults 
separately), as well as between continental and insular adult Eurasian kestrels (pooling 
both island subspecies: F. t. dacotiae and F .t. canariensis) by means of contingency 
tables and exact probabilities. Additionally, in an attempt to objectively condense the 
original variable set of pathogens, we pooled them in groups with biological sense 
according to their phylogeny and location of infections. For the latter analysis, we only 
considered pathogens determined from blood by PCR in order to reach a largely enough 
sample size with complete data for all individuals. Thus, we used the number of 
bacterial (Phylum Actinobacteria, Proteobacteria), viral, and haematozoa genera 
(protozoan from blood, Phylum Apicomplexa, Euglenozoa), as well as the presence or 
not of Chlamydophila psittaci (Phylum Chlamydophila e), Mycoplasma sp. (Division 
Firmicutes), the fungi Candida albicans (Phylum Ascomycota) and Trichomonas 
gallinae (protozoan from the oral cavity, Phylum Metamonada), infecting each 
individual kestrel. On this data set, we conducted Categorical Principal Components 
Analysis (CatPCA) to obtain mutually uncorrelated composite factors or dimensions 
(Meulman et al. 2004). Factor scores of the individual birds on the resulting dimensions 
were extracted and used as dependent variables of MANOVA to test for differences 
between species/subspecies and age (nestlings and adults). CatPCA and MANOVA 
analyses were run on SSPS version 11.5. 
 
RESULTS 
MHC diversity 
Detailed polymorphism statistics at MHC class I and class II loci are summarized in 
Table 4. Overall, we isolated 64 MHC alleles in continental Eurasian kestrels, 49 MHC 
alleles in lesser kestrels and only 16 MHC alleles in island Eurasian kestrels. Kestrel 
MHC sequences are deposited in GenBank (Acc No. EU120698-EU120722, EF370767-
370788 and EU107667-EU107746, see Figs. S1 and S2). Average genetic divergence 
between unique alleles was also higher in mainland Eurasian than in lesser kestrels at 
both MHC loci. Although MHC alleles from the Canary Islands remained exceptionally 
divergent, overall heterozygosity was considerably lower than that reported from 
continental kestrels (unpaired t-test < 0.001). MHC heterozygosity was not significantly 
different when comparing continental Eurasian and lesser kestrels (Table 4). Island 
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subspecies were clumped together given that we did not find significant differences at 
the MHC loci here investigated (KST < 0), with both subspecies sharing the same alleles 
as well.  Previous analyses of microsatellite variation did not report genetic differences 
between both subspecies either (see Alcaide et al. 2009a for details). 
 
MHC amino acid diversity per site ranged from 0.05 (conserved site) to 0.22 (the 
most polymorphic site) (see Fig. 4). After comparing paired values of the amino acid 
diversity parameter d at each PBR codon position for both class I and class II loci, we 
found statistically significant evidence for higher amino acid diversity within the 
mainland population of Eurasian kestrels than in lesser kestrels (Wilcoxon matched-
pairs test: W+=478.5, W-=187.5, N=36, P=0.023). On the contrary, amino acid 
diversity differences at non-PBR codons were not significant (Wilcoxon matched-pairs 
test: W+=199.5, W-=265.5, N=30, P=0.50). 
 
Pathogen diversity 
Results from the pathogen screening are detailed in Table 3, while diversity, richness, 
prevalence and individual richness estimates are compiled in Table 5. The highest 
values of these pathogen burden indicators were found in adult Eurasian kestrels 
sampled in the continent (F. t. tinnunculus), greatly exceeding those found in the 
sympatric lesser kestrel (F. naumanni). Fledglings showed lower values than adults, 
with slight differences between the two species. Adult Eurasian kestrels sampled from 
the island subspecies (F.t. dacotiae and F.t. canariensis) showed the lowest pathogen 
burdens, comparable to continental nestlings, and markedly below that of continental 
Eurasian kestrel adults.  
 
A Categorical Principal Component Analysis (CatPCA) allowed us to assess the 
associations of pathogens differentially infecting species/subspecies and age classes. 
The CatPCA yielded four dimensions with an eigenvalue greater than 1 that accounted 
for 64% of the variance (Table 6). The first dimension (D1) revealed high viral and 
bacterial loads and hence defines a gradient of infection combining the prevalence and 
number of species of these pathogens. The second dimension (D2) showed high values 
for haematozoa and Trichomonas gallinae and, therefore, it defines a gradient of 
protozoan infection. The third (D3) and fourth (D4) dimensions included high values for 
Candida albicans (the only fungi identified) and Mycoplasma sp., respectively (Fig. 3). 
Factor scores of the individual birds in each dimension showed several statistical 
differences between groups (species/subspecies) and age-classes (Table 7). Continental 
Eurasian kestrels were more infected by viruses and bacteria (D1) than lesser kestrels, 
both in fledglings and adults. Contrarily, the infection by protozoans (D2) was higher in 
lesser than in Eurasian kestrels, although the significance of the latter was much lower 
than in the case of viruses and bacteria. Infection mostly headed by C. albicans (D3) 
and Mycoplasma sp. (D4) showed differences between species only for nestlings, with 
higher incidence in Eurasian and lesser kestrel respectively. Regarding island effects, 
adult Eurasian kestrels from the continent showed higher infections by viruses and 
bacteria (D1) and Mycoplasma sp. (D4) than those from the Canary Islands (see Table 7 
and Fig. 3). 
 
When looking at infections by particular pathogens, univariate comparisons of 
prevalence estimates showed many significant differences between adults and nestlings 
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of both Eurasian and lesser kestrels in the continent, adults always showing higher 
prevalences than fledglings (Table S1). Fledgling Eurasian kestrel showed significant 
higher prevalences of Leucocytozoon, C. albicans, Campylobacter sp., adenovirus and 
reovirus than lesser kestrels, while the opposite was found for T. gallinae, 
enterotoxigenic E. coli, Mycoplasma sp. and influenzavirus IH7 (Table 3). Adult 
Eurasian kestrels showed a higher prevalence of P. multocida, enterotoxigenic E. coli 
and paramixovirus than lesser kestrels, while West-Nile virus more frequently infected 
the latter. Multiple pathogens showed higher prevalence in continental than in kestrels 
from the Canary Islands (Table S1). Only Plasmodium sp. and West-Nile virus infected 
more frequently island kestrels. 
 
DISCUSSION 
This is one of the very few studies that associate detailed sequence polymorphism at the 
MHC with extensive surveys of pathogen communities in wild animal populations. Our 
results are based on the analysis of genetic variation at single, highly polymorphic and 
putatively functional and expressed MHC class I and class II B genes (see details in 
Alcaide et al. 2007, 2008, in press). However, the occurrence of other functionally 
important MHC genes in kestrels (i.e. other genes not replicated by means of our PCR 
protocol) cannot be discarded and may bias our results. Southern blots or even a deeper 
characterization of the kestrel MHC would help to resolve this issue in more detail.  
 
Although we dedicated special effort to combine microbiological and molecular 
approaches to increase the accuracy of our pathogen determinations, we may have 
probably underestimated some pathogen prevalences on blood samples. It is known that 
some pathogens display short periods of activity on blood and may therefore be difficult 
to detect. Pathogen particles, however, can persist within peripheral immune cells for 
long periods of time after phagocytosis (e.g. Fish et al. 1996, Nguyent & Pieters 2005) 
even in the absence of apparent signs of infection. This fact may be one of the reasons 
why PCR-based detections are often more sensitive than other approaches (e.g Johnston 
et al. 2006, but see also, for instance, Valkiŭnas et al. 2006). It is reasonable to think 
that even the most comprehensive study may fail to accurately screen all the spectrum 
of pathogens infecting wild species. Whether our approach may have underestimated 
pathogen prevalences or individual pathogen richness, these biases should be 
homogenously distributed across the populations we investigated. Furthermore, the 
main goal of this study was to evaluate the diversity of the pathogen community, rather 
that particular infections rates, as a potential driving force of MHC evolution.  
 
 In accordance with previous studies on salmons (Dionne et al. 2007), rodents 
(Hambuch & Lacey 2002, Göuy de Bellocq et al. 2008) and humans (e.g. Prugnolle et 
al. 2005), our results show a positive association between MHC and pathogen diversity 
in kestrels. Other studies, on the contrary, have shown controversial and even 
unexpected results (e.g. Visscher et al. 2001, Gutierrez-Espeleta et al. 2001). These 
findings may be suggesting that MHC variation is not equally important in all species 
and other immune genes may play a critical role as well (see for instance Acevedo-
Whitehouse & Cunningham 2006). The low number of MHC-typed individuals as well 
as the use of different birds for genetic and pathogen analyses prevented us to accurately 
test the influence of individual MHC variation on pathogen loads.  The suitability of the 
kestrel MHC may nonetheless encourage future research in this respect. 
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MHC diversity and pathogen burdens in mainland and sympatric populations of lesser 
and Eurasian kestrels 
Continental Eurasian kestrels displayed larger and more diverse sets of MHC alelles 
than lesser kestrels (Table 4). The lack of significant differences at neutral markers 
(microsatellites) between the two species suggest that the observed patterns are not 
likely influenced by contrasting levels of genome-wide genetic variability (see Alcaide 
et al. 2009a for details). Patterns of genetic variation at MHC and microsatellite loci 
cannot be, however, easily compared due to different mutational mechanisms and 
typing protocols. Sequencing of anonymous loci or introns would be more appropriate 
in this respect. Comparisons of MHC amino acid diversity between mainland lesser and 
Eurasian kestrels, nonetheless, were exclusively significant when restricting our 
analysis to those positively selected codons supposedly involved in antigen recognition 
(Fig. 2). These results then denote a higher incidence of diversifying selection acting on 
the Eurasian kestrel MHC.  
 
 Our estimates of MHC diversity are in agreement with pathogen burdens, 
continental adult Eurasian kestrels showing a more diverse spectrum of pathogens than 
lesser kestrel. Fledglings from both species showed similar and low pathogen burdens, 
probably because of reduced opportunities for pathogen transmission from hatching to 
fledging time (Table 5). In fact, up to five ecological conditions and life-history traits 
predicted higher levels of pathogen exposure in Eurasian than in lesser kestrels, whilst 
the opposite was predicted only for two hypotheses (Table 2). Our approach nonetheless 
suggests that several hypotheses acting together in a complex way, rather than 
disentangling hypotheses, may explain overall differences in pathogen burdens. The 
larger exposure of Eurasian kestrels to viruses and bacteria (D1 in Fig. 3), which 
encompass the most virulent pathogens among the wide array of taxa we surveyed, 
might have decisively contributed to its larger MHC diversity. Certainly, the truly 
cosmopolitan character of the Eurasian kestrel may have increased the diversity of 
infectious agents this species has been exposed to during its evolutionary history (e.g. 
Tella et al. 1999), whilst the lesser kestrel became a steppe-specialist falcon with more 
restricted geographic range and habitat uses presumably limiting pathogen interactions. 
In fact, the bacteria Pseudomonas aeruginosa and Mycobacterium avium, herpesviruses, 
as well as intestinal parasites of the genus Ascaridia, Isospora, and Cyrnea were 
exclusively found infecting Eurasian kestrels (Table 3). By contrast, there was no 
infection found in lesser kestrels that was not detected in Eurasian kestrels either. 
Moreover, the broader feeding spectrum displayed by Eurasian kestrels may have 
determinedly increased risk of infections when compared to the insect-specialist lesser 
kestrel. This phenomenon may explain the higher prevalences in the former of 
Campylobacter sp., P. multocida and paramixovirus, all of them infections that may be 
transmitted from mammals to birds of prey (Friend & Franson 1999, Hubálek 2004, 
Toro et al. 2005). On the other hand, lesser kestrels were more infected with 
Mycoplasma sp. and Trichomonas gallinae, whose horizontal transmission among 
nestlings is enhanced by the close proximity of nests and even by the frequent nest 
switching of fledglings in the colonies (Tella et al. 1997). The usual presence of other 
species commonly hosting these pathogens, such as the domestic pigeon Columba livia 
(Forero et al. 1996, Friend & Franson 1999, Turcsányi et al. 2005), may also explain 
higher prevalences of these infections in lesser kestrel colonies. Finally, the higher 
prevalence of West Nile virus and IH7 in lesser kestrels may be reasonably related to 
  251
their migratory behaviour (e.g. Olsen et al. 2006, Munster et al. 2007, López et al. 
2008).  
 
Besides pathogen richness and abundance, disassortative mating and spatio-
temporal variations in pathogen-mediated selective regimes are also considered 
important for MHC evolution (Sommer 2005, Piertney & Oliver 2006). Contrasting 
reproductive behaviours in the species we investigated are nonetheless unlikely, since 
both the Eurasian and the lesser kestrel are essentially socially monogamous raptors 
with low reported levels of mate infidelity (Körpimakki et al. 1996, Alcaide et al. 2005). 
At the Iberian Peninsula scale, gene flow has been suggested to occur at sufficient rates 
to counteract genetic drift and the emergence of marked genetic structuring even in the 
highly philopatric and patchily distributed lesser kestrel (Alcaide et al. 2008, 2009a,b). 
Thus, the MHC-typing of birds sampled from different Spanish locations should not 
compromise our main findings. 
 
MHC diversity and pathogen burdens in mainland versus island populations of the 
Eurasian kestrel 
The comparison between mainland and insular subspecies of the Eurasian kestrel 
constitutes the strongest support for the role of pathogen diversity in promoting high 
levels of MHC variability. Our pathogen screening in islands failed to detect up to 14 
different bacterial, viral, and parasitic infections commonly hosted by continental 
Eurasian kestrels (Table 3). Moreover, pathogen prevalences were significantly higher 
in continental birds in six out of eight comparisons involving infections shared by island 
kestrels (Table S1). Previous studies have shown that population bottlenecks and 
founder events may have caused about a 25% reduction in microsatellite diversity in 
island subspecies with respect to their mainland counterpart (see Alcaide et al. 2009a for 
details). Interestingly, the number of MHC alleles has fallen off as much as 75% (Table 
4). These results highlight the inadequacy of using neutral markers as surrogates for 
genetic variation at fitness-related loci in some cases (see also Aguilar et al. 2004, Jarvi 
et al. 2004). Since diversifying selection might be constrained by locally impoverished 
pathogen communities (e.g Wikelski et al. 2004), we suggest that natural selection has 
promoted the fixation of the most efficient MHC alleles. However, and in agreement 
with studies conducted for other insular vertebrate populations (e.g. Richardson & 
Westerdahl 2003, Aguilar et al. 2004), natural selection has preserved high genetic 
divergence between MHC alleles to guarantee a broad array of antigen-binding 
capabilities (see Wakeland 1990). The average number of nucleotide differences 
between unique alleles has increased in the case of class II alleles but not in the case of 
class I alleles (Table 4). These genetic data could be related to a comparably higher 
incidence of bacteria species in the Canary Islands (4 out of 7 species isolated in 
mainland kestrels) in relation to viral infections (only 2 out of 7 types of viral infections 
isolated in mainland Eurasian kestrels, Table 3). 
 
Conclusion 
This study supports the theory that MHC polymorphism might have evolved as a 
response to the wide diversity of pathogens hosts are exposed to. Importantly, 
pathogens are spreading worldwide due to human transport, invasive hosts, land-use and 
climate change, increased connectedness and globalisation (Crowl et al. 2008) to the 
point that emergent diseases are among the major current threats to global biodiversity 
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(Daszak et al. 2000, Smith et al. 2006). One of the main barriers to invasive pathogens 
is the host’s immune system (Tella & Carrete 2008) and, in agreement with the already 
documented massive extinctions in islands (e.g. Van Riper et al. 1986), the most 
dramatic consequences may be derived from the introduction and spread of alien 
pathogens throughout immunologically naïve species (Wikelski et al. 2004, Carrete et 
al. 2008). The survey of variation at immunologically relevant genes is thus expected to 
become a valuable compiling tool for the prediction and modelling of epidemiological 
patterns in this respect.  
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FIGURE LEGENDS 
Figure 1. Sampled locations of the Eurasian (black asterisks) and the lesser kestrel 
(white asterisks) for genetic analyses. Dark grey areas indicate the origin of the 
individuals sampled for pathogen surveys. 
 
Figure 2. Amino acid diversity (d) at the putative peptide-binding region (indicated by 
black bars) of class I and class II loci (see Alcaide et al. 2007, 2008, in press for details) 
in mainland populations of Eurasian and lesser kestrels. 
 
Figure 3. Differences between species/subspecies and age classes in the four 
dimensions derived from a categorical PCA that condense variation in the pathogen 
community. Black dots represent fledglings and open dots adults. D1 = bacterial + viral 
loads. D2 = Haematozoa + Trichomonas gallinae loads. D3 = Candida albicans loads. 
D4 = Mycoplasma sp. loads. Sample sizes are shown in the plot for D2. 
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TABLES  
Table 1. Ecological profiles and life history traits of the Eurasian kestrel (Falco 
tinnunculus) and the lesser kestrel (Falco naumanni). See Cramp & Simmons (1980) for 
details. 
  Falco tinnunculus Falco naumanni 
Body mass 140 – 300 g 100 – 200 g 
Clutch size 3 – 6 eggs 3 – 5 eggs 
Incubation period 27 – 29 days 28 – 29 days 
Nestling period 27 – 32 days 28 days 
Life span 16 years 13 years 
Niche amplitude     
Altitudes 0-5000 m 0-2750 m 
Habitats Wide tolerance - 
Generalist (Steppes and 
pseudosteppes, semi-
deserts, low dense forests, 
urban environments) 
Specialist (Steppes and 
pseudosteppes, urban 
environments) 
Nests Mostly cavity-nester, using 
cliffs, human structures 
and trees. Also in corvid 
nests and exceptionally on 
the ground 
Cavity-nester, using mostly 
human structures, 
exceptionally in cliffs, on 
the ground or in tree holes 
Breeding distributional 
range in the Western 
Paleartic 
Breeding latitudes: up to 
70ºN 
Breeding latitudes: 30-50º N
Breeding system Usually solitary breeder Mostly colonial 
Dispersal Behaviour Long-distance disperser. 
Low phiopatry. 
High natal and breeding 
philopatry 
Migratory status Sedentary (i.e. Canary 
Islands), partially 
sedentary (i.e. Iberian 
Peninsula) or short-
medium distance migrator 
(i.e. North Europe) 
Trans-Saharian, long-
distance migrator 
Diet Euriphagous (small 
mammals, birds, reptiles 
and insects) 
Estenophagous (Insect 
specialist) 
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Table 2. Hypotheses posed to explain variability in pathogens between host species 
with different ecology and life histories, and predictions about the resulting pathogen 
burdens in our study model. LK: lesser kestrel, CEK: continental Eurasian kestrel, IEK: 
island Eurasian kestrel 
Hypothesis Predictions References 
Nest reuse in cavity 
nesters 
LK = CEK Møller & Erritzøe 
1996 
Body size LK = CEK Tella et al. 2002 
Development period LK = CEK Tella et al. 1999, 
2002 
Longevity LK = CEK Tella et al. 2002 
Migratory behaviour LK > CEK Hubálek 2004 
Colonial breeding LK > CEK Tella 2002, Møller & 
Erritzøe 1996 
Trophic diversity LK < CEK Friend & Franson 
1999 
Geographic range LK < CEK Tella et al. 1999 
Population connectivity LK < CEK Alcaide et al. 2009a 
Habitat generalist LK < CEK Dobson & McCallum 
1997 
Aridity LK < CEK Tella et al. 1999 
Insularity IEK < CEK Dobson & McCallum 
1997 
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Table 3. Prevalence (percentage of individuals infected) of 35 avian pathogens in lesser 
(Falco naumanni) and Eurasian kestrels (Falco tinnunculus). Results are separated for 
each age class (A= adult birds; N = nestlings) and species/subspecies. Sample sizes are 
given in bold. 
 Falco t. tinnunculus (A) Falco t. dacotiae (A) Falco t. canariensis (A) Falco naumanni (A) Falco t. tinnnunculus (N)
Fungi n = 40 n = 17 n = 20 n = 45 n = 244 
Candida albicans 25.0 23.5 15.0 33.3 25.4 
Bacteria n = 40 n = 17 n = 20 n = 45 n = 244 
Campylobacter sp. 10.0 0.0 0.0 22.2 7.0 
E.coli enterotoxigenic strain 30.0 17.6 5.0 6.7 11.9 
Myobacterium avium 2.5 0.0 0.0 0.0 0.0 
Pasterella multocida 17.5 0.0 0.0 0.0 1.2 
Pseudomonas aeruginosa 5.0 0.0 0.0 0.0 2.0 
Salmonella sp. 22.5 17.6 30.0 20.0 5.3 
Chlamydophyla psittaci 52.5 11.8 15.0 37.8 34.0 
Mycoplasma sp. 40.0 23.5 20.0 44.4 32.4 
Viruses n = 40 n = 17 n = 20 n = 45 n = 244 
Adenovirus 35.0 0.0 0.0 26.7 7.0 
Circovirus 0.0 0.0 0.0 0.0 0.0 
Herpesvirus 7.5 0.0 0.0 0.0 0.0 
Influenzavirus (IH5) 0.0 0.0 0.0 0.0 0.0 
Influenzavirus (IH7) 12.5 0.0 0.0 8.9 1.2 
Influenzavirus (IH9) 0.0 0.0 0.0 0.0 0.0 
Paramixovirus 40.0 0.0 0.0 8.9 7.8 
Polyomavirus 0.0 0.0 0.0 0.0 0.0 
Poxvirus 12.5 29.4 25.0 24.4 7.0 
Reovirus 5.0 0.0 0.0 20.0 8.2 
West Nile virus 25.0 58.8 40.0 53.3 16.4 
Hemoparasites n = 40 n = 17 n = 20 n = 45 n = 244 
Haemoproteus sp. 0.0 5.9 0.0 0.0 0.0 
Leucozytozoon so. 22.5 35.3 21.4 20.0 10.2 
Plasmodium so. 0.0 11.8 15.9 0.0 0.0 
Trypanosoma sp. 40.0 17.6 25.0 42.2 19.3 
Trichomonas n = 40 n = 17 n = 20 n = 45 n = 244 
Trichomonas gallinae 40.0 17.6 25.0 42.2 19.3 
Intestinal parasites n = 40 n = 4 n = 4 n = 25 n = 100 
Coccidia      
Caryospora sp. 42.5 50.0 0.0 44.0 11.0 
Eimeria sp. 22.5 0.0 0.0 28.0 4.0 
Isospora sp. 17.5 0.0 0.0 0.0 0.0 
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Cestodes      
Cladotaenia sp. 0.0 0.0 0.0 20.0 10.0 
Unciunia sp. 0.0 50.0 75.0 0.0 0.0 
Nematodes      
Serratospiculum sp. 0.0 0.0 0.0 0.0 0.0 
Porrocaecum sp. 15.0 0.0 0.0 56.0 9.0 
Ascaridia sp. 47.5 50.0 0.0 0.0 4.0 
Capillaria sp. 27.5 0.0 25.0 80-0 2.0 
Cyrnea sp. 30.0 25.0 25.0 0.0 5.0 
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Table 4. Polymorphism statistics at MHC class II (exon 2) and class I (exon 3) loci in 
kestrels. Average homozygosity (HL), number of segregating sites (S), total number of 
mutations (η), nucleotide diversity (π) and the average number of nucleotide differences 
between unique alleles (k) is shown. LK: lesser kestrel (N=25), CEK: continental 
Eurasian kestrel (N=25), IEK: island Eurasian kestrel (N=25). 
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Table 5. Diversity of pathogens (Shannon-Wiener index), richness (number of pathogen 
species), prevalence (percentage of individuals infected by at least one pathogen), and 
individual richness (mean number of pathogens per individual host) of pathogens 
infecting the different species, subspecies and age classes of kestrels sampled. Only 
pathogens determined from blood by PCR were considered in order to analyze complete 
data for all individuals. 
 
 Adult Birds Nestlings 
Falco t. 
tinnunculus 
(N = 40) 
Falco t. 
dacotiae
(N = 17)
Falco t. 
canariensis
(N = 20) 
Falco 
naumanni
(N = 45) 
Falco t. 
tinnunculus 
(N = 244) 
Falco 
naumanni
(N = 175) 
 
Diversity 
 
3.37 
 
1.97 
 
2.28 
 
2.58 
 
1.98 
 
1.88 
 
Richness 
 
26 
 
16 
 
14 
 
19 
 
23 
 
20 
 
Prevalence 
 
100 
 
94.1 
 
90.0 
 
97.8 
 
86.9 
 
89.1 
 
Individual 
richness 
 
4.05 
 
2.59 
 
2.10 
 
3.69 
 
1.96 
 
1.91 
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Table 6. Results from the CatPCA indicating the correlation (component loading 
coefficient, major contributors in bold) between groups of pathogens and the resulting 
four dimensions (D). The variance explained by each pathogen group is shown in 
brackets. 
 
Pathogens 
 
D1 
 
D2 
 
D3 
 
D4 
 
% variance 
 
Viruses 
 
0.664 (0.441) 
 
-0.044 (0.002) 
 
-0.262 (0.068) 
 
-0.204 (0.042) 
 
0.553 
Bacteria 0.665 (0.442) -0.149 (0.022) -0.205 (0.042) 0.266 (0.071) 0.577 
Haematozoa 0.253 (0.064) 0.644 (0.415) -0.003 (0.000) -0.532 (0.283) 0.762 
Mycoplasma 0.073 (0.005) 0.396 (0.157) 0.512 (0.262) 0.601 (0.362) 0.786 
C. psitacci 0.496 (0.246) -0.362 (0.131) 0.176 (0.031) 0.182 (0.033) 0.441 
T. gallinae 0.120 (0.014) 0.591 (0.349) -0.446 (0.199) 0.393 (0.154) 0.717 
C. albicans 0.359 (0.129) 0.126 (0.016) 0.668 (0.446) -0.247 (0.061) 0.652 
Eigenvalue 1.342 1.092 1.049 1.005 4.488 
% variance 19.168 15.600 14.985 14.363 64.116 
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Table 7. Results from MANOVAs testing differences between species/subspecies and 
age classes in the four dimensions derived from a categorical PCA that condense 
variation in the pathogen community. Significant results are in bold. For the comparison 
of subspecies only adult individuals were included because nestlings of the insular 
subspecies were not sampled. 
 
 Species/subspecies Age Species x Age 
Dimension F P F P F P 
Species       
D1 9.272 0.002 123.544 <0.0001 0.945 0.331 
D2 4.060 0.044 3.450 0.064 0.026 0.873 
D3 .206 0.650 3.606 0.058 7.013 0.008 
D4 2.543 0.111 1.093 0.296 8.853 0.003 
Subspecies       
D1 22.429 <0.0001     
D2 1.466 0.230     
D3 0.412 0.523     
D4 12.476 0.001     
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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SUPLEMENTARY MATERIAL 
Figure S1. Putative amino acid sequences of an MHC class I locus (exon 3) in different 
species and subspecies of kestrels. LK: lesser kestrel, CEK: continental Eurasian 
kestrel, IEK: island Eurasian kestrel. 
 
Figure S2. Putative amino acid sequences of an MHC class II B locus (exon 2) in 
different species and subspecies of kestrels. LK: lesser kestrel, CEK: continental 
Eurasian kestrel, IEK: island Eurasian kestrel. 
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Table S1: Statistical significance of the differences in prevalence of particular 
pathogens between continental Eurasian and Lesser kestrels (considering nestlings and 
adults separately), as well as between continental and insular adult Eurasian kestrels 
(pooling both island subspecies) by means of contingency tables and exact probabilities. 
Significant results are in bold. 
 
  
Comparison 
 
Pathogen  
nestling/adult 
lesser  
kestrels 
 
nestling/adult 
Eurasian 
kestrels 
 
Eurasian/lesser
kestrels 
adults 
 
Eurasian/lesser 
kestrels 
nestlings 
 
Insular/continental
Eurasian kestrels 
Adults 
 
 
Fungi 
     
 
Candida albicans 
 
<0.0001 
 
1.000 
 
0.478 
 
<0.0001 
 
0.590 
 
Bacteria 
     
 
Campylobacter sp. 
0.141 0.513 0.153 0.007 0.116 
 
E.coli 
(enterotoxigenic) 
 
0.029 
 
0.005 
 
0.009 
 
0.014 
 
0.050 
 
Mycobacterium avium 
 
- 
 
0.141 
 
0.471 
 
- 
 
1.000 
 
Pasterella multocida 
 
0.673 
 
<0.0001 
 
0.004 
 
1.000 
 
0.012 
 
Pseudomonas 
aeruginosa 
 
- 
 
0.257 
 
0.218 
 
0.078 
 
0.494 
 
Salmonella sp 
 
<0.0001 
 
<0.0001 
 
0.797 
 
0.236 
 
1.000 
 
Chlamydophila 
psitacci 
 
0.141 
 
0.033 
 
0.196 
 
0.107 
 
0.001 
 
Mycoplama sp. 
 
0.867 
 
0.369 
 
0.826 
 
0.003 
 
0.092 
 
Virases 
 
     
Adenovirus <0.0001 <0.0001 0.482 0.018 <0.0001 
 
Circovirus 
 
- 
 
- 
 
- 
 
- 
 
- 
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Herpesvirus - 0.003 1.000 - 0.241 
 
Influenzavirus IH5 
 
- 
 
- 
 
- 
 
- 
 
- 
 
Influenzavirus IH7 
 
1.000 
 
0.002 
 
0.729 
 
<0.0001 
 
0.055 
 
Influenzavirus IH9 
 
- 
 
- 
 
- 
 
- 
 
- 
 
Paramixovirus 
 
0.791 
 
<0.0001 
 
<0.0001 
 
0.234 
 
<0.0001 
 
Polyomavirus 
 
- 
 
- 
 
- 
 
- 
 
- 
 
Poxvirus 
 
 
0.027 
 
0.333 
 
0.178 
 
0.215 
 
0.151 
Reovirus 
 
<0.0001 0.556 0.053 <0.001 0.494 
West-Nile virus 
 
<0.0001 0.261 0.014 0.407 0.036 
Haemoparasites  
 
     
Haemoproteus sp. 
 
- - - - 0.493 
Leucocytozoon sp. 
 
0.002 0.036 0.797 0.042 0.589 
Plasmodium sp. 
 
- - - - 0.025 
Trypanosoma sp 
. 
- - - - 0.228 
Tricomonas 
 
     
Trichomonas gallinae 
 
0.488 0.005 1.000 <0.0001 0.092 
Intestinal parasites 
 
     
Coccidians 
 
     
Caryospora sp. 
 
<0.001 <0.0001 1.000 1.000 - 
Eimeria sp. 
 
<0.001 0.002 0.765 1.000 0.322 
Isospora sp. 
 
- <0.0001 0.038 - 0.333 
Cestodes 
 
     
Cladotenia sp. 
 
0.149 0.062 0.006 0.814 <0.0001 
Unciunia sp. 
 
- - - - - 
Nematodes 
 
     
Serratospiculum sp. 
 
- - - - - 
Porrocaecum sp. 
 
<0.0001 0.365 <0.001 1.000 0.571 
Ascaridia sp. 
 
- <0.0001 <0.0001 0.058 0.432 
Capillaria sp. 
 
<0.0001 <0.0001 <0.0001 <0.0001 0.659 
Cyrnea sp. 0.351 <0.0001 0.002 1.000 1.000 
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FIGURE S1 
 
 
 
 
 
 
 
 
 
 
  274
 
FIGURE S2 
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Capítulo 7. 
Response of circulating T-lymphocytes to a coccidian infection: insights from a 
parasitization-vaccination experiment 
Jesús. A. Lemus , Pablo Vergara & Juan A. Fargallo  
Summary  
  
1. The knowledge of how pathogens activate different components of the immune 
system to combat infections in the wild is a first step toward building a more global 
picture of the role that immunocompetence plays in host-parasite evolution and host life 
history. Ecological immunology is currently situated in this first step due, in part, to the 
scarcity of simple techniques to reliably evaluate immunocompetence in the field. In 
fact, controversy remains as to whether parasites act as immuno-stimulators promoting 
immune responses or as immune-depressors via immune resource depletion. 
2. In this study we manipulated parasite infection (Caryospora, Protozoa, Apicomplexa) 
and vaccinated captive Eurasian kestrels (Falco tinnunculus) in order to study potential 
immunological responses in different components of the immune system: circulating 
lymphocyte lineages (CD4, CD5 and CD8), counts of total lymphocytes and white 
blood cells (WBC) and plasma immunoglobulins (α-1, α-2, β-1, β-2 and δ).  
3. We also evaluated the efficacy of the PHA-assay, a common test used in ecological 
immunology, to gain information about T-cell-mediated immune response. 
4. Experimentally infected and vaccinated (inoculated with attenuated parasites) birds 
showed drastic increases in CD4 and CD5 lymphocyte lineages, but not in CD8s, nor in 
total counts of lymphocytes or WBCs and no significant variation was observed in 
plasma globulins and in inflammatory reaction to PHA as a consequence of infection. 
PHA assay values were not correlated with initial (before vaccination) or final (after 
vaccination) values or with the response (final - initial) of T-lymphocyte lineages. 
5. Individuals with initially lower numbers of CD4 showed higher numbers (higher 
immune response) after vaccination. In the case of CD5s, initial and final numbers were 
positively correlated. 
6. This study shows that parasites clearly provoke immune activity stimulation through 
proliferation of T-lymphocytes (CD4 and CD5) and also reveals that other commonly 
used measurements, considered to be related to T-cell-mediated immunity, such as 
single-time-point measurements (total lymphocyte and WBC counts) or PHA assays, 
have a questionable capacity to provide information about immunological capacity to 
combat pathogens.  
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Introduction  
 
Immunocompetence is an important factor in evolutionary processes given that 
parasitism and disease are strong forces promoting genetic variability (Hamilton & Zuk 
1982; May & Anderson 1983). From an ecological perspective, pathogen-mediated 
selection is a key player in the evolution of life histories and the expression of 
ornamental traits and in the regulation of population dynamics of the host (Clayton & 
Moore 1997; Sheldon & Verhulst 1996; Hudson et al. 2002). Immune response is 
considered a costly life history trait, thus subject to trade-offs against other traits, such 
as reproductive effort (Deerenberg et al. 1997; Moreno et al. 1999; Ardia 2005b). 
Understanding immunocompetence involves the knowledge of 1) how the immune 
system of an individual responds to pathogens and parasites from known initial 
pathogen free states to an infected state and 2) how this response enables the individual 
to resist, maintain, reduce or eliminate the infection (e.g. Roitt 2001). Although 
essential for an ecological perspective of immunology, these questions have rarely been 
dealt with in previous research (Adamo 2004; Ardia & Schat 2008). The change 
between initial parasite free and final infected states should be a function of individual 
capacity to mount an immune response (individual quality) and/or of the level at which 
the immune system is functioning at the initial state, likely determined by levels of 
environmental stress or pathogenicity (e.g. Buechler et al. 2002; Zuk & Stoehr 2002). 
However, it is not yet clear how parasites affect individual immunological responses, as 
the few studies manipulating parasite or pathogen infections have shown controversial 
results (see Ardia & Schat 2008). A decrease in the immune response (measured as 
PHA-assay, see below) when experimentally exposed to parasites has been interpreted 
as a depletion of resources devoted to immune stimulation (Johnsen & Zuk 1999). On 
the contrary, an increase in the immune response after parasite inoculation is considered 
to be due to the stimulation of host immunological activity (Christe, Saino & de Lope 
2002; Horak et al. 2006). A possible source of variation in results can be the 
dissimilarity of selected systems to investigate the relationship between parasite 
infection and host immunity (parasite, host species and branch of the immune system). 
Results have ranged from a decreased T-cell immune response (e.g. Johnsen & Zuk 
1999,) increased leukocytes (e.g. Hõrak et al. 2004) or granulocytes (e.g. Johnsen & 
Zuk 1999), increased T-cell immune response (e.g. Christe et al. 2000; Saks et al. 
2006), increased plasma immunoglobulin levels (e.g. Tomás et al. 2007) to no effects 
(e.g. Brinkhof et al. 1999; Tschirren, Fitze & Richner 2003; Ardia 2005b).  
A constraint in the study of ecological immunology in vertebrates is the scarcity 
of suitable tools for measuring immunocompetence in wildlife. Apart from monitoring 
techniques, which usually yield data that are difficult to interpret (Norris & Evans 
2000), other immunological challenges have been used by ecologists to measure T-cell-
mediated and humoral immune responses (Norris & Evans 2000; Ardia & Schat 2008). 
In birds, the most commonly used technique to evaluate immune response is the 
phytohaemagglutinin (PHA) assay (Kennedy & Nager 2006), a multiple-time-point 
measurement developed to act as an indicator of T-cell immunocompetence (Goto et al. 
1978). The role of the PHA assay as an indicator of cell-mediated immunity has been 
recently evaluated, concluding that this method constitutes a reliable indicator of innate 
and acquired T-cell-mediated immunocompetence (Martin et al. 2006; Tella et al. 
2008).  
The direct study of the numerical variation in T-lymphocyte subsets can provide 
the evaluation per se of the efficacy of the individual cell-mediated immune response 
(Okamura et al. 2004; Westneat et al. 2004; Davidson et al. 2008), and is commonly 
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used in human assays to assess immune deficiency states such as in the case of AIDS 
patients (Shearer et al. 2007).  However, the study of T-lymphocyte subsets in wildlife 
species is rare, although some studies focusing on the relationship between bacteria or 
toxicants and CD subsets have been reported in deer (Waters et al. 2000) and seals 
(Pillet et al. 2002). In birds, the most abundant and studied subsets are CD4, CD5 and 
CD8 as they have played a role in active defense against infections (Berndt et al. 2001; 
Davidson et al. 2008). CD4 subset is implicated in the secretion of active substances, 
such as cytokines, interferon and interleukin-6 (Berndt, 2006). CD5 subset is a helper 
subset interconnecting molecules, serving as one of the first steps in the induction of the 
humoral immunological response. It is also implicated in intracellular kinase activity 
and cell-mediated signaling (Davidson et al. 2008). CD8 subset is implicated in specific 
antigen expression constituting the most common memory lineage, and presents discrete 
cytolytic activity (Straube et al. 2001; Rocha & Tanchot, 2004; Davidson et al. 2008).  
In this paper, we study the T-cell immune response in the Eurasian kestrel 
Falco tinnunculus against experimentally orally inoculated intestinal coccidial 
endoparasites of the genus Caryospora (Caryospora neofalconis, C. kutzeri and 
C. megafalconis). Caryospora (Protozoa, Apicomplexa, Coccidia) parasites are 
responsible for a variety of acute diseases that cause significant mortality, morbidity and 
chronic diseases in wild raptors, especially in Falco species (Forbes et al. 1997). Also, 
coccidian species have been suggested to reduce intestinal nutrient absorption (Hõrak et 
al. 2004). To analyse the effect of parasite infection on CD4, CD5 and CD8 T-
lymphocyte numbers we compared a group of experimentally infected birds to a group 
of uninfected individuals, measuring lymphocyte levels after parasite inoculation. We 
also measured the reaction against PHA in both groups after inoculation. 
Vaccination is widely regarded as the most realistic approach to efficient control 
of some invasive pathogens and is driven to increase a specific cellular immune 
response (Hassan & Curtiss III 1990 & 1996). To evaluate the change in T-lymphocyte 
from an initial stage free of parasites to an infected stage, we vaccinated individuals 
against Caryospora infection and analysed within-individual variation of T-cells before 
and after vaccination. Finally, we measured other immunological parameters commonly 
used in field studies, such as differential leukocyte count (total lymphocytes) and white 
blood cell count (WBC), as well as humoral immunological status such as plasma 
protein electrophoresis (albumin, α, β, and δ globulin patterns) to evaluate differences 
between techniques and treatments (health, infection and vaccination).   
 
Materials and methods  
 
EXPERIMENTAL PROCEDURE AND CARYOSPORA INOCULATION  
 
Twenty-nine wild unreleasable Eurasian kestrels (hereafter kestrels) from different 
rehabilitation centers in four different locations in Spain (Valencia, Extremadura, 
Alicante and Madrid) were used for this experiment. Three to four kestrels were 
maintained in eight 2 x 1.5 x 2 m outdoor cages, from January to May at El Ventorrillo 
field station in the province of Madrid (see Fig. 1). On day seven after all the 
individuals had arrived in the aviaries body measurements were made (weight and wing 
and tarsus lengths) and fresh faecal samples were collected for Caryospora 
examination. For this purpose, kestrels were placed overnight in individual cardboard 
boxes and faeces was collected early the next morning (day eight), brought to the lab 
and analysed for Caryospora following Forbes et al. (2005). Kestrels were immediately 
released in the aviaries and treated with toltrazuril (Baycox ®, Bayer), an anticoccidial 
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parasiticide, at 25 mg/kg P.O. (Forbes et al. 1997). Caryospora neofalconis infection 
was detected in only two individuals out of 29 (prevalence = 7%). Excluding these two 
individuals from the studied sample we did not find relevant changes in statistical 
analyses.  After anticoccidial administration, kestrels were left undisturbed for 31 days 
for aviary acclimatisation. On days 39 to 40, kestrels were checked again for the 
presence of Caryospora following the same procedure. As expected, no Caryospora 
infection was found. On day 47, birds were randomly assigned to a control (n = 14) or 
an infected (n = 15) group with similar sex ratios (6 f : 8 m in the control group  and 6 f 
: 9 m in the infected group). Just before the infective inoculation birds were weighed a 
second time. Infective dosages in the infected group consisted of Caryospora inoculates 
(Forbes et al. 2005) that included Caryospora neofalconis (58.6%), C. kutzeri (26.8 %) 
and C. megafalconis (14.6%), over a total of 500 sporozoytes in 0.1 ml of physiological 
solution. These proportions were similar to the mean proportions observed in a wild 
kestrel population in central Spain over four years (authors unpublished data) from 
which the samples for the Caryospora culture were obtained. In the uninfected group, 
we administered 0.1 ml of physiological solution to each of the 11 individuals. Food 
(one day old chicks) and drinking water were supplied ad libitum. Each experimental 
group included one of the two naturally infected (and subsequently disinfected) kestrels 
found at the beginning of the experiment. For the vaccine preparation the protocol 
proposed by Forbes et al. (2005) was used, but modified according to the number and 
proportion of species. Cleaning, feeding and sampling regimens were conducted in such 
a way as to prevent cross-contamination. Twenty-one days later (day 68) kestrels were 
checked a third time for Caryospora infection. All previously inoculated birds showed 
Caryospora presence in faeces while none of the individuals in the uninfected group 
showed infection. In order to test whether the potential reduction of nutrient absorption 
by coccidian parasites (Hõrak et al. 2004) has an effect on body mass, we waited nearly 
a month (26 days) to analyse first mass-loss symptoms. That day (day 73) birds were 
weighed, 1 ml of blood was drawn from the ulnar vein for posterior immunological 
measurements (see below) and a phytohaemagglutinin-P (PHA) injection in the wing 
web was carried out (see below). On day 74 we measured the wing web reaction to the 
PHA injection.  
 
VACCINATION  
 
In a second step, an oral Caryospora vaccine (Forbes et al. 2005) was administered to 
all 15 uninfected (control) birds on day 94. Twenty-six days later (day 120), we took 
blood samples and administered live infective inoculates similar to those previously 
used in the infected group to estimate the efficacy of the vaccine. After 21 days (day 
141) all 15 individuals were checked for Caryospora infection after faeces collection.   
 
FLOW CYTOMETRY AND CELL SORTING  
 
Flow cytometry and cell sorting were performed following Tella et al. (2008). Briefly, 
blood lymphocytes were isolated as described in Tella et al. (2008). The supernatant 
mononuclear cells were washed twice in PBS and subsequently used for flow 
cytometry. For cell sorting and T-cell characterisation, T-cell subsets, fluorescing 
isothiocyanate-labeled mouse antiavian CD4
+
 and CD5
+
 antibodies, and an R-
phycoerythrin-labeled mouse antiavian CD8
+
α monoclonal antibody, (all from Abd 
Serotec, Oxford, UK) were used. For analysis, 0.5ml of whole blood was incubated with 
monoclonal antibodies (30 min in the dark). Aliquots of 10µl were directly analysed 
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using a Guava Easy Cyte Plus (Guava Technologies, Hayward, California, USA), to 
measure each subset’s absolute number. Flow cytometry is today widely recognised as 
the most accurate method to measure cell immunity in vertebrates, including humans 
(Cooper 2002; Milston et al. 2003; Keller et al. 2005; Uchiyama et al. 2005).  
 
TOTAL LYMPHOCYTE COUNTS  
 
Total number of lymphocytes was determined by direct count of lymphocytes in smears 
in 100 leukocytes and by multiplying this number by the WBC. (Wernery et al. 2004) 
 
 
PHYTOHAEMAGGLUTININ ASSAY  
 
We used the common phytohaemagglutinin-P (PHA) injection assay to evaluate in vivo 
cell-mediated immunity (Cheng & Lamont 1988, Martin et al. 2006). Kestrels were 
injected intradermically in the wing web with 0.3 mg of PHA dissolved in 0.1 ml of 
phosphate-buffered saline. The difference between initial wing web thickness and 
swelling 24 h later was used as a response estimate (see Fargallo et al. 2002 for 
procedures and repeatabilities).  
 
PROTEIN ELECTROPHORESIS  
 
The protein electrophoresis patterns of all the animals were also determined. For this, 
electrophoresis of 50 µl of plasma was performed on commercial agarose gels 
(Hydragel Protein (E), Sebia Hispania S.A., Barcelona, Spain) using a semi-automated 
Hydrasys System (Sebia Hispania S.A., Barcelona, Spain) with manufacturer’s reagents 
to determine the concentration of albumin and globulins (α1, α2, β1, β2  and γ1 
globulins) (Cray et al. 2001) 
 
STATISTICAL ANALYSIS  
 
All lymphocyte numbers showed normal distributions (ShapiroWilk´s test, all P > 0.29). 
We used analyses of variance (ANOVAs) for testing between-group differences and 
paired t-tests when analysing within-individual differences in lymphocyte numbers 
before and after vaccination. We used autoregressive (PROC AUTOREG) in SAS 
statistical software (SAS 1989-96 Institute Inc., Cary, NC, USA) models to analyse the 
relationship between initial lymphocyte numbers and the increase (final minus initial 
values) after vaccination. The AUTOREG procedure estimates linear regression models 
for data when the error term is not independent through time, that is, the errors are 
autocorrelated.  All models were controlled for sex of the individuals.  
 
 
Results  
 
CARYOSPORA EXPERIMENT  
 
Females are heavier than males in the Eurasian kestrel and this was observed in our 
study (GLM, F1,27 = 32.76, P < 0.001). Controlling for sex, no differences in body mass 
were observed between kestrels coming from different rehabilitation centres (GLM, 
F3,21 = 0.55, P = 0.55) and no differences were observed in body mass before the 
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experimental treatment (day 73) between infected and uninfected groups (GLM, F1,25 = 
0.76, P = 0.39). Apart from weight, no sex differences were found in any of the 
measured variables (GLM, all P > 0.12), nor were significant sex*treatment interactions 
observed (all P > 0.11). Thus, sex was only included in the analyses when exploring 
between group differences in weight and the relationship between immune response to 
PHA and body mass. Controlling for sex, wing web reaction to PHA was positively 
correlated with body mass at the time of PHA injection (day 73), although not 
significantly so (GLM, F1,26 = 3.82, P = 0.062) and no differences were found between 
infected and uninfected groups in the wing web reaction (GLM, F1,24 = 0.30, P = 0.58). 
Controlling for sex, there were no between-group differences in body mass (GLM, F1,25 
= 0.92, P =0.35). Flow cytometry counts of CD4 and CD5 lymphocytes were 
significantly higher in the infected than in the uninfected group, but no significant 
difference was observed in CD8 numbers  (GLM, CD4: F1,27 = 97.78, P < 0.0001; CD5: 
F1,27 = 162.93, P < 0.0001; CD8: F1,27 = 0.01, P = 0.96; Fig. 2). Controlling for 
treatment, no inter-correlation was found among the three lymphocyte lineages (GLM, 
all P > 0.69) and none of the lymphocyte lineages were correlated with wing web 
reaction to PHA either in the uninfected or in the infected group (GLM, all P > 0.49).   
 No between-group differences were observed in the total lymphocyte count 
(GLM, F1,27 = 0.12, P = 0.72) or in the WBC (GLM, F1,27 = 0.01, P = 0.93).  In relation 
to plasma proteins, no between-group differences were observed in albumin or 
globulins (α-1, α2, β-1, β-2 and δ) or in albumin/G ratio (GLM, all P > 0.16). Similarly, 
controlling for treatment none of these variables were correlated with the counts of any 
lymphocyte lineages (GLM, all P > 0.20).   
 
VACCINATION  
 
Twenty-six days after vaccination, Caryospora inoculations were administered to 
uninfected individuals. None of them were found to be infected 26 days after 
inoculation. Vaccination caused effects on lymphocyte lineages similar to parasite 
infection. CD4 and CD5 showed a drastic increase but CD8 showed similar initial 
numbers (paired t-test, CD4: t1,13 = 9.87, P < 0.0001; CD5: t1,13 = 23.05, P < 0.0001; 
CD8: t1,13 = 0.02, P = 0.98; Fig.3). Final numbers of CD4 lymphocytes were 
significantly and negatively correlated with initial numbers (r = 0.60, F1,12 = 6.72, P = 
0.023, Fig. 4), so individuals with lower initial values showed larger increases after 
vaccination. The relationship between initial and final CD5 numbers was positive (r = 
0.81, F1,11 = 22.53, P < 0.0001; Fig. 4). The increase of CD5 lymphocytes was not 
significantly correlated with initial values (r = 0.39, F1,12 = 2.21, P = 0.16). No 
differences before and after vaccination were observed in the number of total 
lymphocytes or the WBC (paired t-test, t1,14 = 0.64, P = 0.53). In relation to plasma 
proteins no differences were observed in albumin or globulins (α-1, α-2, β-1, β-2 and δ) 
or in A/G (paired t-test, all P > 0.52).  
 
Discussion  
 
CARYSOSPORA EXPERIMENT 
 
Our study reported a numerical reaction of circulating lymphocytes to an experimental 
inoculation of parasites and vaccination, which supposes an immunological stimulation 
itself. As expected, with regard to the different function of lymphocyte lineages, we 
found different reactions in response to intestinal protozoal (Caryospora) infection. 
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While CD4 and CD5 lineages increased drastically after infection and vaccination, 
CD8s showed similar initial numbers in both experimental infection and vaccination. 
Responses of CD4 to intestinal protozoa have never been investigated in wild bird 
species, although there are several studies in poultry also reporting T-lymphocyte 
increases in response to coccidian parasites (Yun, Lillehoj & Choi 2000; Hong et al. 
2006). An increase in CD4 numbers is expected as this is probably the most specialised 
T-cell subset implicated in the direct killing of and phagocytic action against pathogens. 
Other pathogens localised at irrigated small intestine microvellosities, such as 
Salmonella spp., also provoked increases in circulating CD4 numbers (Methner et al. 
1995; Noujaim et al. 2007). CD5 lineage secretes and mobilises cytokines helping CD4 
to kill pathogens, for which reason an increase in the former lineage is expected as well. 
The lack of a significant response in the CD8 subset could be due to the fact that this 
subset recognises the infective organism as a previously encountered pathogen (this is 
probably not the first time they have been infected by Caryospora). Most wild animals 
suffer different infections by the same parasite or infectious agent several times in the 
course of life. Thus, a massive production of memory cells after the infection is not 
expected. Caryospora infection is very typical in kestrels, especially in chicks 
(prevalence 65.9%, Martínez-Padilla et al. 2004), but in adults, as in our case, the 
prevalence in natural populations is lower (28.57%, n=37 authors unpublished data). 
CD8 lymphocytes may have already been stimulated prior to experimental infection, 
due to natural exposures to this pathogen. Similar to actual infection, vaccination 
provoked significant increases in CD4 and CD5, but not in CD8 cells. Within-individual 
analyses showed that birds with lower initial numbers of CD4 exhibited higher numbers 
after infection. This indicates that low baseline numbers of CD4 do not impair their 
capacity to reach lymphocyte levels required to combat an infection. In addition, 
maintaining low baseline levels of CD4s could maintain an optimal potential for 
pathogen resistance due to the recognized specialisation of this lineage in the 
suppression of other immune responses (Martin et al. 2004). 
 In the case of CD5 lymphocytes we found the opposite trend: those individuals 
having higher numbers of CD5 cells also have more lymphocytes after vaccination. We 
did not find a significant correlation between CD5 increase and CD5 initial numbers, 
indicating that individuals produced similar numbers of CD5 irrespective of initial 
levels.   
 Results found in our study for different lymphocyte types illustrate the inefficacy 
of assessing individual immunocompetence capacity by measuring lymphocyte levels as 
a single-time-point technique. This is also corroborated when exploring total 
lymphocyte count or the WBC as drastic increases in two lymphocyte lineages were not 
detected in these two cell counts. Our results suggest reorganization in specific 
lymphocyte production rather than an increase in total lymphocytes or white blood cells.  
In our experiment, serum proteins did not show any difference between 
uninfected and infected birds, nor did they increase after vaccination. Tella and 
colleagues (2008) observed an increase in CD4, CD5, CD8 lymphocytes as well as in 
alpha and beta globulins, parallel to a decrease in albumin after exposing different 
species of parrots to PHA. Kestrels did not react to protozoan infection by increasing 
CD8 numbers, or by changing plasmatic protein levels, revealing different mechanisms 
of immune response against different antigens. Caryospora reaction seems to primarily 
be a cell-based (CD4 and CD5) reaction. Globulins usually increase or diminish 
associated with bacteria and virus infections (Cray et al. 2001), but not in relation to 
protozoa, which requires more specific immunological action (Davidson et al. 2008).   
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Our results also showed a low capacity of the PHA assay to reveal changes in 
lymphocyte lineages in response to parasites. This point is especially important given 
that this technique is the most widely used for the study of immunology in evolutionary 
ecology (Martin et al. 2006; Kennedy & Nager 2006). A recent study demonstrates that 
the cells implicated in the PHA skin-swelling assay are, in decreasing order, basophiles, 
heterophils, macrophages and lymphocytes (Martin et al. 2006). Our study did not 
detect an effect of parasites on the reaction produced by the PHA in the wing web, nor 
did we find any correlation between PHA assay and circulating lymphocyte numbers or 
number changes. Thus, this technique was not able to reflect a cell-mediated immune 
response, suggesting that the PHA assay is not an adequate test for the detection of cell-
mediated immunity. This conclusion seems to contradict the results published recently 
by Tella et al. (2008), who found a positive correlation between PHA swelling and 
circulating numbers of CD5 and CD8, also in birds.  Regardless of the differences 
between species (parrots vs. kestrels), one reason for this different result could be based 
on the nature of the experiment. Tella and colleagues injected an antigen (PHA) locally 
(in the wing web) and measured T-cell reaction to this antigen in blood 24h later. By 
definition, antigens provoke immune responses, and it is not irrelevant that PHA-assay 
values were correlated with circulating levels of lymphocytes, since this suggests a 
direct relationship between local inflammatory reaction and circulating lymphocyte 
levels, probably due to blood cell infiltration in the wing web (Goto et al. 1978; Martin 
et al. 2006). Taking into account this result, the question arises: Can the PHA assay 
predict immunological reactions to antigens other than PHA? Furthermore, can the PHA 
assay act as an indicator of individual T-cell immunological capacity to combat 
infections? The lack of significant correlations between circulating lymphocyte changes 
provoked by parasites and PHA assay values in our study suggest that this technique has 
no faculty to predict immunological capacity, at least for combating these protozoal 
infections.  
Similar to other works in which parasite infection was manipulated (Brinkhoff et 
al. 1999; Tschirren et al. 2003; Ardia 2005a), our study also shows that the PHA assay 
did not reflect parasite infection, which does not mean a lack of T-cell-mediated 
immune response, as our results indicated. Conversely, other works have found that 
parasite infection promoted increases in the inflammatory reaction to PHA (Christe et 
al. 2000), even when the manipulated parasite species (Isospora spp. Protozoa, 
Apicomplexa) is closely related to that studied in the present work (Saks et al. 2006). In 
agreement with Saks et al. (2006), we also suggest caution when interpreting results 
obtained from PHA assays in an immunological context, as this test does not represent a 
single immune phenomenon. Possibly, nutritional status plays an important role in 
swelling response to PHA, since it has been seen to be correlated with body mass in 
many bird species (Alonso-Álvarez & Tella 2001) and it is affected by food restrictions 
(Alonso-Álvarez & Tella 2001; Fargallo et al. 2002; Navarro et al. 2003).            
To our knowledge, this study is the first analysing the responses of different 
lymphocyte lineages to an infection of natural parasites in wild animals. We clearly 
observed an increase in two lymphocyte subsets (CD4 and CD5) in response to a 
protozoan parasite infection, providing evidence for a pathogen-induced stimulation of 
the immune system. However, this immune response was not reflected in an increase in 
the reaction to PHA antigen, for which reason results obtained from this common assay 
should be interpreted with caution in an immunological framework. Initial numbers 
(before infection) of lymphocyte subsets correlated negatively (CD4) or did not 
correlate (CD5) with changes provoked by parasite infection. In addition, total counts of 
circulating lymphocytes and WBCs did not vary according to initial or final (after 
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infection) values or changes in lymphocyte subsets, revealing a lack of capacity of these 
single-time-point measures to be used as meters of immune response capacity or 
pathogen infection status.    
     
Acknowledgements 
 
Thanks T. Aguirre, E. Banda, M. Gabirot, M. Gil, and I. López-Rull for helping. We 
thank Centro de Recuperación de Especies Protegidas de Buitrago de Lozoya (Madrid), 
Centro de Recuperación de Fauna Silvestre y Educación Ambiental “Los Hornos” 
(Cáceres), Centro de Recuperación de Fauna “La Granja” de El Saler (Valencia) and 
Centro de Recuperación de Fauna de Santa Faz (Alicante) for kindly providing the 
kestrels used in this study. The study was financed by the Spanish Ministry of 
Education and Science (Project: CGL2007-61395/BOS) and was carried out at El 
Ventorrillo field station.  
 
 
 
References  
 
Adamo, S.A. (2004). How should behavioural ecologists interpret measurements of 
immunity? Animal Behaviour, 68, 1443-1449.  
Alonso-Álvarez, C. &  Tella, J.L. (2001). Effects of experimental food restriction and 
body mass changes on the avian T-cell-mediated immune response. 
Canadian Journal of Zoology, 79, 101-105. 
Ardia, D.R. (2005a). Tree swallows trade-off immune function and reproductive effort 
differently across their range. Ecology, 86, 2040–2046.  
Ardia, D.R. (2005b). Cross-fostering reveals an effect of spleen size and nest 
temperatures on immune function in nestling European starlings. Oecologia, 
145, 326–333. 
Ardia, D.R. & Schat K.A. (2008). Ecoimmunology. Avian Immunology. (eds F. 
Davidson, B. Kaspers & K.A. Schat), pp. 421-442. Academic Press, Elsevier 
Ltd. London. 
Berndt, A. & Methner, U. (2001). Gamma/delta T cell response of chickens after oral 
administration of attenuated and non attenuated Salmonella typhimurium strains. 
Veterinary Immunology & Immunopathology, 78, 143-161. 
Berndt, A., Pieper, J. & Methner, U. (2006). Circulating γδ T Cells in Response to 
Salmonella enterica Serovar Enteritidis Exposure in Chickens. 
Infection and Immunity, 74, 3967– 3 3978. doi: 10.1128/IAI.0112805.  
Brinkhof, M.W.G., Heeb, P., Kolliker, M. & Richner, H. (1999). Immunocompetence of 
nestling great tits in relation to rearing environment and parentage. 
Proceedings of the Royal Society of London B, 266, 2315-2322.  
Buechler, K., Fitze, P.S., Gottstein, B., Jacot, A. & Richner H. (2002) Analysis of 
Parasite induced Maternal Responses in a Natural bird population. Journal of 
Animal Ecology, 71, 247-252.   
Cheng, S. & Lamont, S.J. (1988). Genetic analysis of immunocompetence measures in a 
White Leghorn chicken line. Poultry Science, 67, 989-995. 
Christe, P., Arlettaz, R. & Vogel, P. (2000). Variation in intensity of a parasitic mite 
(Spinturnix myoti) in relation to the reproductive cycle and immunocompetence 
of its bat host (Myotis myotis). Ecology Letters, 3, 207-212.  
  284
Christe, P., Møller, A.P., Saino, N. & de Lope, F. (2002). Genetic and environmental 
components of phenotypic variation in immune response and body size of a 
colonial bird, Delichon urbica (the house martin). Heredity, 85, 75–83. 
Cooper, M.D. (2002). Exploring lymphocyte differenciation pathways. Inmunology 
Reviews, 185, 175-185.  
Cray, C. & Tatum, L.M. (1998). Applications of avian electrophoresis in avian 
diagnostics. Journal of Avian Medicine and Surgery, 12, 4-10.  
Davidson, F., Kaspers, B., & Schat, K.A. (2008). Avian Immunology. Academic Press, 
Elsevier Ltd. London. 
Deerenberg, C., Apanius, V., Daan, S. & Bos, N. (1997). Reproductive effort decreases 
antibody responsiveness. Proceedings of the Royal Society of London B, 264, 
1021–1029. 
Fargallo, J.A., Laaksonen, T., Pöyri, V. & Korpimäki, E. (2002). Intersexual differences 
in the immune response of Eurasian kestrel nestlings under food shortage. 
Ecology Letters, 5, 95-101.  
Forbes, N.A. & Simpson, G.N. (1997). Caryospora neofalconis: An emerging threat to 
captive bred raptors in the United Kingdom. Journal of 
Avian Medicine and Surgery, 11, 110-114.  
Forbes, N.A. & Fox, M.T. (2005). Field trial of a Caryospora species vaccine for 
controlling clinical coccidiosis in falcons. Veterinary Record, 156, 134-138.   
Goto, N., Kodama, H., Okada, K. & Fujimoto, Y. (1978). Suppression of 
phytohaemagglutinin skin response in thymectomised chickens. Poultry Science, 
57, 246-250.  
Hassan, J.O. & Curtiss III, R. (1990). Control of colonization by virulent 
Salmonella typhimurium by oral immunization of chickens with avirulent cya 
crp S. 5 typhimurium. Research in Microbiology, 141, 839-850.  
Hassan, J. O. & Curtiss III, R. (1996). Effect of vaccination of hens with a virulent 
strain of Salmonella typhimurium on immunity of progeny challenged with wild 
type Salmonella strains. Infection and Immunology, 64, 938-944.  
Hong, Y.H., Lillehoj, H.S., Lillehoj, E.P. & Lee, S.H. (2006).Changes in immune-
related gene expression and intestinal lymphocyte subpopulations following 
Eimeria maxima infection of chickens. Veterinary Immunology and 
Immunopathology. 114, 259-272.    
Horak, P., Saks, L., Karu, U., Ots, I., Surai, P.F. & McGraw, K.J. (2004). How 
coccidian parasites affect health and appearance of greenfinches. Journal of 
Animal Ecology, 73, 935-947. 
Horak, P., Saks, L., Karu, U. & Ots, I. (2004). Host resistance and parasite virulence in 
greenfinch coccidiosis. Journal of Evolutionary Biology, 19, 277-288. 
 
Hudson, P.J., Rizzoli, A., Grenfell, B.T., Heesterbeek, H. & Dobson, A.P. (2002). The 
Ecology of Wildlife Diseases. Oxford University Press, Oxford. 
Johnsen, T.S. & Zuk, M. (1999). Parasites and tradeoffs in the immune response of 
female red jungle fowl. Oikos, 86, 487-492.  
Keller, J.M., McClelland-Green, P.D., Lee, A.M., Arendt, M.D., Maier, P.P., Segars, 
A.L., Whitaker, J.D., Keil, D.E. & Peden-Adams, M.M. (2005). Mitogen 
induced lymphocyte proliferation in loggerhead sea turtles: comparison of 
methods and effects of gender, plasma testosterone concentration, and body 
condition on immunity. Veterinary Immunology and Inmunopathology, 103, 
269-281.  
Kennedy, M.W. & Nager, R. (2006).The perils and prospects of using 
  285
phytohaematogglutinin in evolutionary ecology. 
Trends in Ecology and Evolution, 21, 653-655. 
Martin, B., Banz, A., Bienvenu, B., Cordier, C., Dautigny, N., Bécourt, C. & Lucas, B. 
(2004). Suppression of CD4+ T Lymphocyte Effector Functions by CD4+CD25+ 
Cells In Vivo. The Journal of Immunology, 172, 3391-3398.  
Martin, L.B., Han, P., Lewittes, J., Kuhlman, J.R., Klasing, K.C. & Wikelski, M. 
(2006). Phytohemagglutinin induced skin swelling in birds: histological support 
for a classic immunoecological technique. Functional Ecology, 20, 290-299.  
Martínez-Padilla, J., Martínez, J., Dávila, J.A., Merino, S., Moreno, J. & Millán, J. 
(2004). Within brood size differences, sex and parasites determine blood stress 
protein levels in Eurasian Kestrel nestlings. Functional Ecology, 18, 426-434. 
Martínez-Padilla, J. & Millán, J. (2007) .Prevalence and intensity of intestinal 
parasitation in a wild population of nestling Eurasian kestrels Falco tinnunculus. 
Ardeola, 54, 109-115.  
May, R.M. & Anderson, R.M. (1983). Epidemiology and genetics in the coevolution of 
parasites and hosts. Proceedings of the Royal Society of London B, 219, 218-
313. 
Methner, U., Al Shabibi, S. & Meyer, H. (1995). Experimental oral infection of specific 
pathogen free laying hens and cocks with Salmonella enteritidis strains. 
Journal of Veterinary Medicine B, 42, 459-469.  
Milston, R.H., Vella, A.T., Crippen, T.L., Fitzpatrick, M.S., Leong, J.A. & Schreck, 
C.B. (2003). In vitro detection of functional inmunocompetence in juvenile 
Chinook salmon (Oncorhynchus tshawytscha) using flow cytometry. Fish & 
Shellfish Immunology, 15, 145-158. 
Møller, A.P. (1997). Parasites and the evolution of host life history. Host-parasite 
evolution: general principles and avian models (ed. D. Clayton & J. Moore), pp. 
105-127. Oxford University Press. 
 
Moreno, J., Sanz, J.J. & Arriero, E. (1999). Reproductive effort and T-lymphocyte cell-
mediated immunocompetence in female pied flycatchers Ficedula hypoleuca. 
Proceedings of the Royal Society of London B, 266, 1105–1109.  
 
Navarro, C., Marzal, A., de Lope, F. & Møller, A.P. (2003). Dynamics of an immune 
response in house sparrows Passer domesticus in relation to time of day, body 
condition and blood parasite infection. Oikos, 101, 291–298. 
Norris, K., Evans, M.R. (2000). Ecological immunology: life history tradeoffs and 
immune defence in birds. Behavioral Ecology, 11, 19-26. 
Noujaim, J.C., Andreatti-Filho, R.L., Lima, E.T., Okamoto, A.S., Amorim, R.L. & 
Neto, R.T. (2008). Detection of T lymphocytes in intestine of broiler chicks 
treated with Lactobacillus spp. and challenged with Salmonella enterica serovar 
Enteritidis. Poultry Science, 87, 927-933.  
Okamura, M., Lillehoj, H.S., Raybourne, R.B., Babu, U.S. & Heckert, R.A. (2004). 
Cell-mediated immune responses to a killed Salmonella enteritidis vaccine: 
lymphocyte proliferation, T-cell changes and interleukin6 (IL6), IL1, IL2, and 
IFN gamma production. Comparative Immunology, Microbiology & Infectious 
Diseases, 27, 255-272.  
Pillet, S., Fournier, M., Measures, L.N., Bouquegneau, J.M. & Cyr, D.G. (2002). 
Presence and regulation of metallothioneins in peripheral blood leukocytes of 
grey seals. Toxicology and Applied Pharmacology, 185, 207-217.   
Rocha, B., & C. Tanchot. (2004). CD8 T cell memory. Seminars in Immunology, 16, 
  286
305-314. 
Straube, F. & Herrmann, T. (2001). Differential modulation of CD8-β by rat γδ and αβ 
T cells after activation. Immunology, 104, 252-258. 
Tella, J.L., Scheurlein, A. & Ricklefs, R.E. (2002). Is cell mediated immunity related to 
the evolution of life history strategies in birds? Proceedings of the 
Royal Society of London B, 269, 1059-1066. 
Tella, J.L., Lemus, J.A., Carrete, M. & Blanco, G. (2008). The PHA test reflects 
acquired T cell-mediated immunocompetence in birds. PLoS ONE, 3, e3295. 
doi:10.1371/journal.pone.0003295. 
Tomás, G., Merino, S., Moreno, J., Morales, J. & Martínez de la Puente, J. (2007). 
Impact of blood parasites on immunoglobulin level and parental effort: a 
medication Weld experiment on a wild passerine. Functional Ecology, 21, 125-
133.  
Tschirren, B., Fitze, P.S. & Richner, H. (2003). Sexual dimorphism in the susceptibility 
to parasites and cell mediated immunity in great tits. Journal of Animal Ecology, 
72, 839-845. 
Uchiyama, R., Moritomo, T., Kai, O., Uwatoko, K., Inoue, Y. & Nakanishi, T. (2005). 
Counting absolute numbers of lymphocytes in quail whole blood by flow 
citometry.  Journal of Veterinary Medicine & Science, 67, 441-444.  
Waters, W.R., Palmer, M.V., Pesch, B.A., Olsen, S.C., Wannemuehler, M.J. & 
Whipple, D.L. (2000). MHC class II restricted, CD4 (+) T-cell proliferative 
responses of peripheral  blood mononuclear cells from Mycobacterium bovis 
infected white tailed deer. Veterinary Immunology & Immunopathology, 76, 
215-229.   
Wernery, R., Wernery, U., Kinne, J. & Samour, J. (2004). Colour Atlas of 
Falcon Medicine. Blackwell Publishing. Hannover.  
Westneat, D.F., Weiskittle, J., Edenfield, R., Kinnard, T.B. & Poston, J.P. (2004). 
Correlates of cell mediated immunity in nestling house sparrows. Oecologia, 
141, 17-23. 
Yun, C.H., Lillehoj, H.S. & Choi, K.D. (2000). Eimeria tenella infection induces local 
gamma interferon production and intestinal lymphocyte subpopulation changes 
Infection & Immunity, 68, 1282-1288. 
 
Zuk, M. & Stoehr, A.M. (2002) Immune defense and host life history. American 
Naturalist, 160, 9–22. 
 
 
 
 
 
 
 
 
 
 
 
  287
Figure 1. Chronogram showing experimental procedures to evaluate Caryospora 
inoculation (dosages including Caryospora kutzeri, C. Neofalconis and C. 
Megafalconis) in captive Eurasian kestrels Falco tinnunculus. Day 0 is January 1. “D” 
is day, “weight” is kestrel weight measurement, “PHA” is PHA injection, “PHA 
swelling” is measurement of PHA swelling assay and “blood” is blood sampling.  
 
Figure 2. Numbers of the three different lineages of T-lymphocyte cells measured in 
experimental control (uninfected) and Caryospora infected Eurasian kestrels. 
Measurements were taken 26 days after parasite inoculation. Between-group differences 
were significant in CD4 and CD5, but not so in CD8 lymphocytes. 
 
Figure 3. Numbers of the three different lineages of T-lymphocyte cells in the control 
group measured before and 26 days after Caryospora vaccination. Changes in numbers 
were significantly different in CD4 and CD5, but not so in CD8 lymphocytes. 
 
Figure 4. Within-individual correlation between initial (before vaccination) and final 
(26 days after vaccination) numbers of CD4 and CD5 T-lymphocyte lineages of 
Eurasian kestrels.   
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Capítulo 8 
Natural cross Chlamydial infection between livestock and free-living bird species  
 
Jesús Angel Lemus, Juan Antonio Fargallo, Pablo Vergara, Deseada Parejo, Eva Banda. 
 
 
 
ABSTRACT  
 
The study of cross-species pathogen transmission is essential to understand the 
epizootiology and epidemiology of diseases. Avian chlamydiosis is a zoonotic disease 
whose effects have been mainly investigated in humans, poultry and bird pets. in which 
wild bird species have been suggested to play an important role as reservoirs.. During a 
comparative health status survey in Eurasian and Lesser kestrel population we have 
investigated the prevalence of different Chlamydophila species in 159 nestling of both 
species and in three different study areas. Chlamydophila psitaci serovar I (also known 
as Chlamydophila abortus), a serovar which is usually an ovine pathogen, was isolated 
from all the nestlings of both species in the Extremadura area, a location with extensive 
ovine livestock enzootic of this atypical bacteria causing severe abortion in this species. 
Serovars and genetic clusters of the kestrel isolates from the Extremadura area showed 
the serovars A and B and  the genetic cluster 1 and  were different than those isolated 
from the remaining two areas, that showed the serovars F and G and the genetic clusters 
2 y 3. Kestrel can be infected from contaminated stables or orthoptera. Veterinary 
control on Chlamydophila abortus should be implemented in order to avoid 
Chlamydophila large scale cross-species transmission and dissemination. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                               Enviado a PLoS Pathogens
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Cross species infection is a major cause of emerging infectious diseases (Parrish et al, 
2008, David & Silva, 2008). The economic influence of animal industry has promoted 
large investigation about the potential of wildlife as reservoir of cattle and poultry 
diseases (Frolich et al, 2002; Weiss, 2003). On the contrary little is known about the 
role of domestic species as infectious agents causing diseases in wildlife (Hernández-
Divers, 2008). 
Avian chlamydiosis is a well known human disease caused by the bacterium 
Chlamydophila psittaci (Everett and Andersen 1997; Everett et al. 1999, Kaleta & 
Taday, 2003) and contracted from poultry and wild birds, although bird pets (mainly 
parrots) are still considered the primary cause (Smith et al. 2005; Andersen & Franson 
2007). In the wild, isolates has been reported from more than 460 avian species (Kaleta 
and Taday 2003) and also from some mammals, such as hares and muskrats (Spalatin et 
al. 1966). In birds it is often systemic and infections can be unapparent, severe, acute or 
chronic with intermittent shedding (Andersen and Franson 2007). Chlamydophila 
abortus (also identified as Chlamydophila psittaci serovar I) is an abortigenic pathogen 
in rumiants rarely found in birds (Chahota et al. 2006). Factors leading to different 
degrees of symptomatology of this disease may be both internal such as immune 
capacity and external such as stress (Cray &Tatum; Zwart, 2000). Indeed, adults have 
more often non symptomatic infections while young birds frequently have acute disease 
probably because adults are able to develop better immunity response than young birds 
(Cray &Tatum; Zwart, 2000; Schettler et al, 2001)). Additionally, stress will commonly 
trigger onset of severe symptoms, resulting in rapid deterioration and death (Andersen 
and Vanrompay 2000; OIE 2000a).  
Death outbreaks due to chlamydiosis can be found in wild bird species and are 
presumed to be due to infection with an uncommon strain for the host or due to 
secondary infections (Smith et al, 2005). Chlamydiosis has been reported to be 
transferred by translocation of birds of prey, spread during falconry bird flight or across 
countries by migratory species (Forbes 1997; Schettler et al. 2003). It has also been 
noted that colonial nesting birds are more likely to spread disease during reproduction 
than solitary breeders (Burkhart and Page 1971; Brand 1989; Grimes 1994). 
Chlamydiosis transmission from mammals to birds has been scarcely 
investigated, even knowing that parenterally inoculated, polyarthritis-producing 
chlamydiae of ovine origin affected leg joints of turkeys, and abortion-producing 
chlamydiae of ovine origin was infectious for pigeons and fatal for sparrows. And also 
several species of small wild birds when inoculated perorally with C. psittaci of turkey 
origin, seroconverted (36%) and shed the organism (79%) (Kaleta & Taday, 2003). In 
this same review, authors also indicated that it was undertaken to determine whether 
strains of C. psittaci from domesticated ruminants would infect, multiply in, or be shed 
by these wild birds, indicating that these species of birds are not natural hosts or 
biologic vectors of these strains. However, considering the heterogeneity of the 
chlamydial species, certain birds may harbour strains that are associated with naturally 
occurring infections in some animals. The results are also additional evidence of the 
more restricted host range of mammalian Chlamydia species when compared with avian 
isolates. 
On the other hand, the other chlamydial species that have been checked out in 
this study do not have maior interest in veterinary medicine or as cross-species 
transmission pathogens.  Chlamydia muridarum is a rodent pathogen, especially of 
laboratory mice and hamsters, causing respiratory disease.  No records have been 
published about its incidence in wild rodents or birds. Chlamydia suis, on the other 
hand, is a swine pathogen that causes important economic losses in intensive swine 
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production due to digestive disease, and is extremely resistant to most antibiotics. There 
is no report about its incidence in extensive swine or in birds. 
In this article we present the results of an episode of clinical chlamydiosis in 
Eurasian kestrels (Falco tinnunculus) and lesser kestrels (F. naumanni). During a study 
about kestrel health status (Vergara et al. 2008), most of the birds in a given area 
showed a marked gammapathy in the protein electrophoresis pattern. We explored the 
origin of this abnormality. Gammapathies are well documented as specific laboratory 
clinical tools of several infections, including Salmonella and Chlamydophila psittaci 
(Cray & Tatum, 1998; Tatum et al, 2000). We show the results of serology, PCR studies 
and the serovar and genetic clusters of the isolated Chlamydophila psittaci samples, and 
we explore the possibility of Chlamydophila psittaci cross species transmission. 
 There is some controversial in Chlamydiaceae taxonomy (Vanrompay et al, 
1993, Everett et al, 1997 and 1999, Schiller et al, 2004), and especially in the psittaci 
serovars involved in livestock diseases (Schiller et al, 2004). We followed the taxonomy 
proposed by Schiller et al (2004). 
 
MATERIALS AND METHODS 
 
Samples examined. We search for Chlamydophila psittaci in a  total of 91 nests 
belonging to the (44 Eurasian (n = 44)  and 47 lesser (n = 47) kestrels present in three 
study areas located in Los Llanos (Extremadura), Campo Azálvaro (Segovia) and Los 
Monegros (Zaragoza), -. The three locations show a high extensive livestock pressure, 
being extensive ovine livestock in Los Llanos (LL) and Los Monegros (LM) and 
extensive bovine livestock in Campo Azálvaro (CA), see Vergara et al. (2008) for more 
concise study area characteristics. Ovine remains with no veterinary interference except 
legal controls in LL, and receive several veterinary assistance and prophylactic 
treatments in LM. -Sample size for each kestrel species and area is shown in Table 1. 
One chick per nest in each kestrel species was randomly selected for blood samples.  
All the nestlings were sampled about three weeks old. One ml of blood was 
taken from the brachial vein, centrifuged and the pellet was separated from plasma and 
both frozen until analyses.  
 
Protein electrophoresis. As a part of the health status design, protein 
electrophoresis was performed in all checked specimens. Plasma protein electrophoresis 
fractions were determined on commercial agarose gels (Hydragel Protein (E), Sebia 
Hispania S.A., Barcelona, Spain) using a semi automated Hydrasys System (Sebia 
Hispania S.A., Barcelona, Spain) with manufacturer’s reagents to determine the 
concentration of albumin and globulins (α, β and γ-globulins) in percent, that were used 
in the analyses. Total plasma proteins were determined by the Biuret method (Lumeij & 
McLean 1996). Total plasma protein concentrations (g/dl), which were also used in the 
analyses, were calculated by the multiplication of each protein fraction with the total 
protein value. From these values, the albumin-globulin ratio was computed as an index 
of general health (Cray & Tatum 1998, Blanco et al. 2006).  
 
Chlamydophila psittaci serology. A serology panel that included Salmonella 
and Chlamydophila psittaci serology was performed. Whole blood-plate agglutination 
test was used to detect the Salmonella antigen presence Difco (TM) Salmonella O 
Group B Antigen (1-4-5-12) (Becton Dickinson and Company, Maryland, USA). The 
test was conducted by using the manufacturer’s standard instructions (Sack, 1986). 
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Chlamydophila psittaci antibodies were determined by using Rida-Screen antibody 
ELISA ( R-Biopharm, Darmstadt, Germany) 
 
  Chlamydophila psittaci PCR, real time PCR and Chlamydophila abortus 
(Chlamydophila psittaci serovar I) PCR.  PCRs were performed following Hewinson 
et al, 1997, Suchse et al, 2009. Laroucau et al, 2001). 
We have considered Chlamydophila psittaci serovar I as Chlamydophila 
abortus, following Ka leta & Taday (2003) and Schiller et al, (2004).  
Due to the presence of extensive livestock in the area, and the occurrence of 
enzootic chlamydial abortion, we also performed a chlamydial serovar characterization 
to establish the serovar involved in the epizootic episode. In addition, we also obtained 
the genetic cluster of the same isolates according to Chahota et al, 2006. We also 
explored the presence of Chlamydia species, Chlamydia muridarum and Chlamydia suis 
with PCR analysis (Robertson et al, 2009; Pantchev et al, 2009).  
Serovar characterization. For serovar characterization the isolates were either 
grown directly in Buffalo green monkey (BGM) cells or in 6-day-old specific pathogen-
free embryonated chicken eggs as is indicated in Vanrompay et al, 1993. The five 
serovar- specific MAbs were designated VS-1 (serovar A specific; psittacine group), 
CP3 (serovar B specific; pigeon I group), GR-9 (serovar C specific; duck group), NJ-1 
(serovar D specific; turkey group), MP (serovar E specific; pigeon II group), NJ-1D3 
(serovar F) and serovar G (Sudler et al, 2004). The microimmunofluorescence test was 
also performed following Vanrompay et al, 1993. 
 
Chlamydophila genetic diversity. Genetic diversity and epizootiology of 
Chlamydophila psittaci was based on the VD2 region of the ompA gene. DNA was 
extracted (Chahota et al, 2006), we performed a nested PCR (Chahota et al, 2006), then 
cloning of the PCR product and sequencing. The sequence analyses were performed 
following Chahota et al, (2006). 
We also search for Chlamydophila psittaci type I in sheep abortions, sheep 
faeces, sheep stable dust, kestrel nest dust, necrophilous beetles and orthoptera 
(grasshoppers, locusts, crickets) in the study areas. Beetles and orthoptera are comon 
prey-species of Eurasian and lesser kestrels in Spain (Aparicio 2000, Rodríguez et al. 
2006). Arthropods were collected close to nests (50 m away from carcasses in the case 
of beetles and 200 m away from nests in the case of orthoptera), and were euthanasized 
by congelation.  
Sheep abortion samples were processed following Schiller et al, 2004, whilst 
sheep faeces and dust preparation was performed following Tanaka et al, 2005, and 
arthropods were prepared by homogenization (Taft et al, 2005). 
Statistical procedures. Nestlings share genes and environment within the nest 
for which cannot be considered independent samples. We tried to analyse between-
location and between-species differences in nestling infection (infected vs. uninfected) 
by using Generalized Mixed Models, in which the nest was included as a random factor 
and species as a fixed factor. This procedure avoids pseudoreplication considering the 
nestling as the sampling unit. Due to that some chlamydial isolates where absent in 
some locations our data were unbalanced and most of the models did not converge. For 
this reason we randomly selected one nestling from each nest and analysed frequencies 
of infection in different locations and species by using GENMOD procedure with logit 
link function and binomial distribution in SAS statistical software (SAS 9.0, 2002, 
Institute Inc., Cary, NC, USA). Differences in protein electrophoresis between kestrel 
species and populations were analysed using General Linear Mixed Models with 
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GLMM procedure in. The percentage of γ-globulins was arcsine transformed. Nest was 
included in the model as a random factor and location and species as fixed factors.  
 
RESULTS 
 
Protein electrophoresis showed that both kestrel species from LL showed higher levels 
of γ-globulins than kestrels from CA and LM, being this difference significant (GLMM, 
F 2,65 = 47.73, P < 0.001,Fig. 1). Lesser kestrels showed higher values than Eurasian 
kestrels (GLMM, F 1,65 = 15.47,P < 0.001, Fig. 1). This was due to that lesser kestrels 
showed higher values than Eurasian kestrels in LL but not in CA and LM, being the 
interaction species x area significant (GLMM,  F 2,65 = 23.89, P < 0.001,, Fig. 1). In the 
Figure 1 it is represented the protein electrophoresis profiles of both species in LL 
showing the detected gammapathies. 
Chlamydophila abortus (C.p. serovar I) was the most prevalent of the three 
species found in kestrel populations (12.6 %), then Chlamydia suis (5.7 %) and the 
prevalence of Chlamydia muridarum was the lowest (3.8 %). All individuals infected by 
Chlamydia suis were also infected by Chlamydophila abortus, while none of the 
individuals infected by CM were found to be infected by any other Chlamydiaceae 
species. In order to explore gammapathies associated with a given Chlamydiaceae 
species we excluded from the analyses individuals infected with the other two species, 
thus comparing infected vs. uninfected individuals. Gammapathies in kestrels were 
found to be associated with Chlamydophila abortus (C.p. serovar I) infection, showing 
significant higher levels of immunoglobulins in blood in infected than uninfected 
individuals (Table 1). The model also showed significant differences between kestrel 
species and significant infection x species interaction (Table 1, Fig. 3). Similar results 
were found for Chlamydia suis infection (Table 1). However, note that all these 
individuals were also infected by Chlamydophila abortus, for which we could not 
separate the effect of both species. No significant effects were found for Chlamydia 
muridarum (Table 1).  
Serology analyses showed that all nestlings from LL had Chlamydophila psittaci 
(C.p.) antibodies, while only a few proportion of kestrels from LM and none from CA 
had antibodies (Table 2). Between-area differences were significant for both Eurasian 
(GENMOD, χ2 = 51.18, d.f. = 2, P < 0.001) and lesser (GENMOD, χ2 = 44.46, d.f. = 2, 
P < 0.001) kestrels. No other antibodies were found during the serology evaluation. Due 
to the results obtained from the samples, we prepared a serovar and cluster doubled 
blind study in order to establish the Chlamydophila origin. 
First we performed a classical Chlamydophila psittaci PCR C.p. and real-time 
PCRs. Both PCRs showed the same result, C.p. being identified in all individuals from 
LL, while the frequency identified and only a few proportion of kestrels showed C.p. in 
the other two areas (Table 2). The difference was significant for both kestrel species 
(GENMOD, both P < 0.001) 
We found that a proportion of kestrels from LL, but no kestrels from the other 
two areas had antibodies for C. abortus (C.p. serovar I) and C. suis. The between-area 
differences were significant for C. abortus and C. suis in both kestrel species 
(GENMOD, all P < 0.017), while no between-area differences were found in C. 
muridarum in any of the kestrel species (GENMOD, both P > 0.43).   
Serovar characterization indicated that both kestrel species showed positive tests 
to serovars A and C of C.p., while kestrels from CA and LM were positive to serovars F 
and G (Table 3). 
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Genetic cluster analyses for C.p. indicated that kestrel samples from LL were 
located mainly in the cluster I with few samples belonging to cluster III. Lesser kestrels 
from CA and LM populations mainly “showed clusters” of type II and few of the type I 
and III. Finally Eurasian kestrels from CA and LM populations only showed clusters of 
the type II and III (see Table 3).  
 In LL, C. abortus (C.p. serovar I) was found in all the possible sources 
explored: sheep abortions, sheep faeces, sheep stable dust, nest dust of both kestrel 
species, carrion beetles (Silphidae) and Orthoptera (Table 4). In LM, it was found in 
lower proportion in sheep stable dust and also C.p. was found in low proportion in 
samples of stable dust, lesser kestrel nest dust and Orthoptera. In CA, kestrels breed in 
nest boxes and old buildings, for which only Orthoptera invertebrates were checked. We 
did not find Chlamydophila in these prey species. 
 
DISCUSSION 
 
Exploring health status of Eurasian and lesser kestrel populations from three 
different locations we detected gammapathies in individuals of both species in one of 
them (LL). This gammapathy was found to be associated with infections of 
Chlamydophila abortus (C. psittaci serovar I). In this same area a Chlamydophila 
outbreak was observed in sheep, sheep facilities and also in insects, suggesting a cross 
Chlamydophila infection between livestock and wild insect and bird species.          
Chlamydiosis diagnosis is difficult, because there are many false negatives due 
to absence of immunological reaction. In our case, Eurasian and lesser kestrel nestlings 
from LL showed a response to infection in protein electrophoresis and serology that was 
not observed in kestrels from the other two areas. Within the LL area, lesser kestrels 
showed stronger gammapathies (higher percentage of immunoglobulins) than Eurasian 
kestrels. Between-species differences can be promoted by differences in diet, as lesser 
kestrels are more insectivorous, thus more prone to ingest carrion beetles and 
Orthoptera carrying C.p. serovar I. Furthermore, lesser kestrels tend to use sheep stables 
as breeding sites in a higher proportion than Eurasian kestrels, being more exposed to 
inhale Chlamydophila fomites, such as dust.  
Chlamydophila psittaci is ubiquitous and causes many different diseases and 
prognosis in birds, being more aggressive in nestlings (Gerlach, 1994). In a previous 
paper (Vergara et al, 2008) we have presented that those kestrels from LL were in 
poorer condition when compared with CA and LM individuals.  
Serovar characterization and genetic clusters indicates zone differentiation in the 
serovars affecting kestrels. While LL typical serovars are A and C of C.p., kestrels from 
CA and LM were positive to serovars F and G (Table 2), the serovars typical of raptors 
(Vanrompay et al, 1993; Kaleta & Taday; 2003). Few wildlife studies have described 
C.p. clusters. Our study also indicates this zone differentiation in C.p. clusters. Isolates 
from LL were located mainly in the cluster I with few samples belonging to cluster III. 
Lesser kestrel isolates from CA and LM populations were mainly clustered in the type 
II and few of the type I and III. Finally Eurasian kestrels from CA and LM populations 
only showed clusters of the type II and III. All together, these results indicate the origin 
of all isolates and permit to link the isolates to its original host. With the exception of 
the ruminant hosted C.p. serovar I, the remaining Chlamydophila isolated from kestrels 
were avian hosted Chlamydophila. Serovar A (found in LL) are naturally hosted by 
psittacines, columbids and several corvids (Vanrompay et al, 1993; Kaleta & Taday, 
2003), while serovar C is naturally hosted by storks (Vanrompay et al, 1993; Kaleta & 
Taday, 2003). Raptors are not their natural host for both serovars. In the opposite, 
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kestrels from CA and LM were infected with typical F or G serovars that are only 
susceptible to disease in case of immunological disruption, since these serovars are 
considered to be moderately pathogenic in their natural hosts (Vanrompay et al, 1993; 
Kaleta & Taday, 2003). 
Enzootic abortion (the denomination of C.p. serovar I in sheep) is endemic in 
Spanish locations, including the Extremadura region where the Chlamydophila outbreak 
was found (Martin & Aitken, 1991). Abortions and mothers remain uncontrolled in the 
field with no assistance.   We have identified potential infectious agents that can act 
through the two known of Chlamydophila transmission routes: ingestion and inhalation. 
Invertebrates can be infected by direct consumption of sheep abortions, carcasses and 
faeces. Apart from these routes, vertebrates, as in the case of kestrels, can also be 
infected through the ingestion of infected insects. The presence of C. p. in dust from 
sheep facilities (also in kestrel nests) suggests that both vertebrates and invertebrates 
can contract the disease through inhalation in the surroundings of sheep stables.        
Measures including 1) vaccination (Anonymous, 2002) of all the sheep in risk or in 
enzootic areas and 2) increasing the frequency of health controls should be mandatory 
to minimize the risk of transmission to wildlife.  
To our knowledge Chlamydia suis and C. muridarum have never been recorded 
in birds. They typically appear infecting swine and rodents respectively (Andersen and 
Franson 2007). In principle, this suggests two more cases of cross-species pathogen 
transmission found in this study and it would be expected to provoke a conspicuous 
immune reaction. This was observed in the case of C. suis. However, due to that 
individuals infected by C. suis were infected by Chlamydophila abortus as well, we 
could not disentangle its real effect on immunoglobulins levels. In the case of C. 
muridarum we did not detect gammapathies in infected individuals. The paucity of 
knowledge about Chlamidiaceae pathology in wildlife makes difficult to explain this 
lack of immunological reaction. One possibility is that we are only measuring one 
component of the immune system, other immunological branches, such as cell-mediated 
immune response could be acting without our detection. A second possibility is that C. 
muridarum could be a common pathogen in kestrels, as they usually prey on rodents. In 
this sense, our study highlights the interest of investigating this aspect in future studies.    
The lesser kestrel is nearly endangered all over its range (Vergara et al, 2008). 
Farmlands and grasslands are the most common habitats for this species (Cramp and 
Simmons, 1980). Extremadura posses up to the 25% of the lesser kestrel Spanish 
population and its numbers have shown and positive trend over the last years (Atienza 
and Tella, 2004). The Eurasian kestrel, on the other side, is the most common diurnal 
raptor species in Spain, although with negative population trends in Europe (Tucker and 
Heath, 1994). The change in land-use practices (agricultural intensification and 
pesticide use) and direct persecution have traditionally been the causes proposed to 
explain population declines in both kestrel species (Tucker and Heath, 1994, 
Bustamante, 1997; Atienza and Tella, 2004, Rodríguez et al., 2006). However, other 
problems more subtle to identify, such as infectious disease episodes, question the 
conservation efforts, especially those devoted to the lesser kestrel. Epizooties can 
operate in wild species causing population declines at a local scale (Franson & Pearson, 
1995, Herrmann et al, 2006, Pennycott et al, 2009). Wildlife populations are 
immunologically prepared to many of the pathogens of the environment, but changes in 
the serovars usually imply mortality episodes (Frolich et al, 2002; Davidson & Silva 
2008, Hernandez-Divers et al, 2008, Parrish et al, 2008). Our study emphasizes the 
necessity of wildlife veterinary controls as useful tools for conservation plans and 
detection of risks in wild species.  
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Table 1. Results of general mixed models (GLMM) in which immunoglobulin levels is 
included as response variable and infection (infected vs. uninfected) and kestrel species 
are fixed factors. Between-factor interaction is also shown.   
 
         F           d.f.               P 
Chlamydophila abortus    
         Infection 29.62 1,59 < 0.001 
         Species 39.14 1,59 < 0.001 
         Infection * species 42.09 1,59 < 0.001 
Chlamydia muridarum    
         Infection 0.25 1,62 0.624 
         Species 0.13 1,62 0.653 
         Infection * species 0.03 1,62 0.877 
Chlamydia suis    
         Infection 6.21 1,57 0.004 
         Species 5.43 1,57 0.023 
         Infection * species 6.40 1,57 0.014 
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Table 2. Prevalence of Chlamydiaceae species and strains isolated  from both kestrels 
species in different areas. Prevalence is expressed as percentage of infected individuals. 
Numbers in brackets represent infected individuals. Different letters indicate between-
area significant differences as resulted from between-group contrasts in GENMOD 
procedure.   
 
 
 
 
 
 
 Falco tinnunculus Falco naumanni 
CA 
(n=19) 
LM 
(n=8) 
LL 
(n=17) 
CA 
(n=6) 
LM 
(n=28
) 
LL 
(n=13) 
Chlamydophila psittaci antibody serology 0% 
 (0)a 
25% 
 (2)b 
100% 
(17)c 
0%  
(0)a 
7.1% 
(2)a 
100% 
(13)b 
Classical Chlamydophila psittaci PCR  26.3%   
(5)a 
37.5% 
(3)a 
100% 
(17)b 
33.3
% 
(2)a 
25% 
(7)a 
100% 
(13)b 
Real time Chlamydophila psittaci PCR 26.3% 
(5)a 
37.5% 
(3)a 
100% 
(17)b 
33.3
% 
(2)a 
25% 
(7)a 
100%(1
3)b 
Chlamydophila abortus 
 (Chlamydophila psittaci serovar I) 
0% 
(0)a 
0%   
(0)a 
64.7% 
(11)b 
0%  
(0)a 
0 % 
(0)a 
61.5% 
(8)b 
Chlamydia muridarum 5.3% 
(1)a 
0%   
(0)a 
0%  
(0)a 
16.7
% (1) 
0 % 
(0) 
(0) 
Chlamydia suis 0% 
(0)a 
0%   
(0)a 
35.3% 
(6)b 
0%  
(0)ac 
0 % 
(0)a 
23.0% 
(3)bc 
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Table 3. Chlamydophila psittaci filiation based in serovars and genetic clusters (ordered 
following avian phylogenetic origin) of the different kestrel isolates from the three 
sampled locations.  
 
 Falco tinnunculus Falco naumanni 
 
Campo Azálvaro 
(CA) 
Los Monegros 
(LM) 
Los Llanos 
(LL) 
Campo 
Azálvaro 
(CA) 
Los Monegros 
(LM) 
Los Llanos 
(LL) 
Serovar 
A - - 2 - - 6 
B - - - - - - 
C - - 16 - - 5 
D - - - - - - 
E - - - - - - 
F 1 5 - 2 13 - 
G 7 3 - 4 1 - 
Clusters 
I - - 13 2 2 7 
II - 5 - 3 10 - 
III 3 3 5 1 2 4 
IV 5 - - - - - 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
.
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Table 4. Presence of Chlamydophila psittaci and C. abortus (C. psittaci serovar I) in 
different potential sources of infection for kestrel species.  
 
           Los Llanos (LL)        Campo Azálvaro (CA)             Los Monegros (LM)
N C psittaci C abortus 
(C psittaci 
serovar I) 
n C psittaci C abortus 
(C psittaci 
serovar I) 
n C psittaci C abortus 
(C psittaci 
serovar I) 
Sheep abortions  16 0 16 a - - 3 0 0 
Sheep faeces (Facilities)  26 0 9 - - - 14 0 0 
Sheep stable dust (Facilities) 14 0 7 - - - 12 1 2 
Eurasian kestrel nest dust 25 0 9 b - - 10 0 0 
Lesser kestrel nest dust  22 0 15 c - - 16 7 0 
Carrion beetles 8 0 4 0 - - 4 0 0 
Grasshoppers/ locust/ crickets  60 0 18 60 0 0 60 1 0 
a No sheep presence in the area.  
b Nests in nest-boxes. 
c Nest material was not collected.  
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Figure 1. Protein electrophoretic pattern. A represents a typical gammapathy found in 
kestrel individuals infected by Chlamydophila abortus (Chlamydophila psittaci serovar 
I). B represents a normal kestrel protein electrophoretic profile.  
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Figure 2. Differences in gammaglobulin levels (percentage of total proteins) between 
the three study areas for both Eurasian and Lesser kestrels. Interaction between species 
and study area is statistically significant.  
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Figure 3.  Differences in gammaglobulin levels (percentage of total proteins) between 
kestrels uninfected and infected by Chlamydophila abortus (Chlamydophila psittaci 
serovar I). The interaction between infection and species is statistically significant. 
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Capítulo 9 
Salmonella spp occurrence in free living Eurasi kestrels (Falco tinnunculus): a 
question of reptile consumption  
Jesús Angel Lemus, Javier Grande, Juan Antonio Fargallo, Marino Garcia–Montijano 
and Pablo Vergara. 
 
ABSTRACT 
 We have described the Salmonellae community in adult and fledglings of common 
kestrels Falco tinnunculus in three different populations from central and Southwest 
Spain. We also explored those Salmonella serovars in the reptile community coexisting 
in kestrels. In addition we analysed kestrel diet in the three populations. We have 
observed a higher Salmonella prevalence in the population where kestrels consumed a 
higher proportion of reptiles, although the difference was only statistically significant 
for fledglings. Furthermore, Salmonella serovars were similar in kestrels and reptile 
species. Our results suggest: 1) that food seems to be a mechanism of Salmonella 
transmission for kestrels, 2) adults and fledglings show different patterns of Salmonella 
infection, debilitating the idea of a vertical transmission and 3) fledglings seem reflect 
better than adults the environmental pathogenicity of a given population.  
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                 Para enviar a Environmental Microbiology 
 
  312
 
INTRODUCTION 
 
Infectious diseases are always a potential threat for wild animal populations (Friend & 
Franson, 1999; Daszak et al, 2000: Thomas et al, 2007). Irrespective of food, which is a 
well known population dynamic driver (Berryman 1999), pathogens, as predators, can 
drive population dynamics of hosts, but unlike predators, the incidence of pathogens on 
population dynamics is not easy to measure in most cases as they do not always kill 
their hosts (Begon et al. 2006). This fact unbalance the knowledge we have about the 
role of predators with respect to pathogens in animal population dynamics, being the 
latter substantially less investigated. A first step in knowing the potential effect of 
pathogens in population trends is to analyse the host-pathogen interaction through the 
occurrence of infection in host populations, the mechanisms for which the host becomes 
infected and the degree of environmental pathogenicity characterising host populations.  
Salmonellosis has a worldwide distribution and is one of the most common 
causes of bacterial diarrhea in humans and animals. Salmonella is a primarily enteric 
bacteria that includes close to 2,500 serologically distinguishable variants (serotypes), 
which have been reported from a wide variety of animals, including reptiles, birds, and 
mammals. Most of these serotypes show little specificity for their host species. 
Depending on factors related to the bacterial serotype, host species, and environmental 
conditions, exposure of an animal to salmonellae may result in an asymptomatic carrier 
state, acute enteritis or septicemia, or multifocal chronic infection (see Daoust and 
Prescott 2007). In wild birds, salmonellosis is a common cause of sporadic mortality, 
particularly among young birds. The prevalence of salmonellae in the open environment 
(water, soil, food) is a function of the degree of its contamination by fecal material from 
infected hosts and most serotypes can survive for a long time in the environment 
(Williams and Benson 1978). Infective sources have been frequently described for some 
bird groups, for example it is known that gull colonies are commonly infected through 
human sewage and from environments contaminated with fecal material of domestic 
animals, being the latter also the source of infection for species living in human 
habitats, such starlings Sturnus vulgaris and house sparrows Passer domesticus 
(Brittingham et al. 1988, Davies and Wray 1996; Craven et al. 2000). This indicates that 
birds inhabiting rural environments have high expectances for suffering salmonellosis.  
 The common kestrel (Falco tinnunculus) is the most abundant raptor in Europe 
(Tucker and Health 1994). This is probably due to its great versatility in occupying 
different supports for nesting (Shrubb 1993, Fargallo et al. 2001) and its broad trophic 
spectrum (Van Zyl 1994), that allows the kestrels to use a wide variety of habitats, 
including grassland and farmlands (Village 1990). This makes this species a good 
candidate to explore the Salmonella occurrence in its populations. 
Infectious diseases are a potential threat to wild bird populations (Friend & 
Franson, 1999; Daszak et al, 2000: Thomas et al, 2007), but their role in the dynamics 
of such populations is still unknown, but several studies are considering pathogens as 
one of the most important regulators in wildlife populations (Mc Callum & Dobson, 
1995; Clayton & Moore, 1997), including avian species (Thomas et al, 2007). 
Moreover, the study of the interaction between host and parasite is one of the most 
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studied relations in evolutionary and functional ecology (Berryman 1999; Begon et al. 
2006), but the role of bacterial pathogens have been under considered (Thomas et al, 
2007), in contrast with haemoparasites or viruses, for example. 
Salmonella infection is the most common infection in captive raptors, but its role 
in wild population is still unknown (Willette et al, 2009). There are very few reports 
about the real impact of this infection in the wild, because after the time occurred of 
clinical infection, birds can remain infected as carriers. However, there  are several 
reports that show raptor species as common carriers of Salmonella in the wild and 
captivity, including eagle infection (Battisti et al, 2002;  Reche et al, 2003; Palmgren et 
al, 2004; Kocabiyik et al, 2006), mortality of captive falconids from Salmonella 
typhimurium infection (Sykes et al., 1981; Wernery et al., 1998) and epizootics of 
Salmonella infection in other birds (Hurvell et al., 1974; Tauni and Österlund, 2000), but 
data on occurrence of pathogens in free-living falconids are still limited (Keymer, 1972; 
Kirkpatrick and Trexler-Myrén, 1986),and moreover in common kestrels.  On the other 
hand, Salmonella is one of the most common bacteria in reptile intestine (more than 
2000 serovars have been recovered from the reptile gastrointestinal tract –Frye, 1991a, 
b, Mader, 2008-, and only 32 from them have been considered pathogenic for reptiles or 
other species-Frye, 1991a, b, Mader, 2008-), and it is considered mostly as flora, 
although disease was also reported. Due to this reptile carrier position, more than the 
70% of the wild reptiles from Spain studied in different reports were positive to such 
species (Briones et al, 2004; Hidalgo-Vila et al, 2008 a,b), even with very pathogenic 
strains. 
The role of prey in pathogen transmission is also almost unknown. Rodents, and 
specially voles (Microtus spp) and wood mice (Apodemus spp), are known as carriers of 
several viruses, including the cervid chronic wasting disease, plague or cowpoxvirus 
(Smith et al 2009, Salkeld & Stapp 2009; Heisey et al, 2009), while other bird species 
have been refererred as carriers of many pathogens (Hubalek 2004). Very recently, 
Lemus et al, 2009 a, b have described a Chlamydophila abortus outbreak in common 
and lesser kestrel, mainly due to prey carrying Chlamydophila consumption, and a 
chicken anemia virus (CAV) outbreak due to CAV infected chicken consumption. On 
the other hand reptiles are known to be Salmonella carriers in the wild (Bruins et al, 
2006; Saelinger et al, 2006; Magnino et al, 2009), but also suffer this infection in 
several environmental conditions, but is quite uncommon. Reptile ingestion could then 
lead in a contamination with the different Salmonella strains of reptilian origin 
(Magnino et al, 2009), and the infected bird could be develop clinical signs or could be 
remain as a carrier, depends on their immunological status (Chappell et al, 2009).  
In this study, we investigated the occurrence of the different Salmonella strains 
present in the common kestrel Falco tinnunculus nestlings and adults during four 
consecutive years in three populations of Central Spain, identifying the isolates to 
species and strain level with phenotypic and genetic characterization techniques. We 
also explored the connection between Salmonella infection and diet at a population 
level. Specifically, we investigated the association between Salmonella prevalence in 
common kestrels and reptile consumption, as Salmonella is one of the most common 
bacteria in reptile intestine (Frye 1991, a, b, Mader, 2008).  
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MATERIAL AND METHODS 
Sample collection 
From 2004 to 2007 faecal swabs were collected from 536 fledglings and from 
240 adults from three different Spanish populations of the common kestrel (hereafter 
kestrel) in three monitored populations (Table 1). The first one is placed in Campo 
Azálvaro region a mountainous grassland area devoted to cattle raising located in Ávila-
Segovia (AS) provinces (central Spain) where kestrels nest in artificial boxes installed 
on poles (see Fargallo et al. 2009 for details). The second population is placed in the 
East of Madrid (MA) province (central Spain), a farmland region where kestrels nest in 
trees, pylons of power lines and buildings. The third population is placed in Tierra de 
Barros region, a farmland area located in Badajoz (BA) province (Southwest Spain) 
where kestrels mainly nest in trees, and buildings  
In the three populations we analysed the diet of kestrels by using pellets. In each 
pellet we noted the presence or absence of insects, amphibians, reptiles, birds and 
mammals. We calculated the importance of each animal group in the kestrel diet as the 
frequency of appearance in pellets.  
Fledglings were sampled at the nest at age of 20-26 days. Adults were captured 
during the chick rearing phase using nest-traps in AS and using bal-chatri traps placed 
in nest surroundings in MA and BA.       
Microbiology methods 
Kestrel faecal samples were collected by sterile swabs inserted into the cloaca of 
the nestling and adult kestrels and were stored in transport medium with Amies medium, 
and preserved at refrigerator temperature until analyzed. 
For Salmonella, samples were cultured using two selective media: SM ID agar 
(BioMerieux) and xylose-lysine-desoxycholate (XLD) agar (Difco). A selective 
enrichment procedure was performed on cloacal samples. Pre-enrichment was carried 
out in peptone broth (Difco), and then 1 ml was cultured onto selenite brilliant green 
broth (Difco) and subcultured on solid media SM ID agar and XLD agar. Plates were 
incubated at 37ºC, either in normal atmospheric and microaerophilic (10% CO2) 
conditions respectively, for 24h, except for the peptone broth, which was incubated at 
37ºC for 16 h. Confirmation of the identification of Salmonella species were performed 
using standard methods. Salmonella serological typing was performed at the 
Laboratorio Central Veterinario (Algete, Madrid, Spain).    
Statistical procedures 
 
The probability of presence vs. absence of Salmonella in nestlings in each 
population was evaluated using Generalised Linear Mixed Models (GLIMMIX) in SAS 
statistical software (SAS 1989-96 Institute Inc., Cary, NC, USA) with binomial error 
and logit link function. In the models, the chick was considered as the unit and the nest 
was included as a random factor to avoid pseudoreplication. In the case of adults, we 
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used Generalised Linear Models (GLIM) with binomial error and logit link function in 
SAS to analyse between-population and between-sex differences in Salmonella 
infection. Finally the presence vs. absence of Salmonella in prey species were analysed 
using Generalised Linear Models with GENMOD procedure in SAS. Similarly we 
applied binomial error and logit link function.  
RESULTS 
Kestrel diet  
The diet of kestrels in each population is shown in the Table 1. AS kestrels 
consume largely more reptiles than the other populations (GENMOD χ2 = 2.46; d.f. = 2; 
P <0.0001). Contrasts showed significant differences between AS and MA (χ2 = 63.99 
d.f. = 1 P <0.0001), and between AS and BA (χ2 = 42.51 d.f. = 1; P <0.0001), but not 
between MA and BA (χ2 = 1.57 d.f. = 1; P <0.210).  
Salmonella prevalence in reptiles  
We did not observe significant differences in Salmonella prevalence between areas 
(GENMOD χ2 = 0.1; d.f. = 2; P = 0.962, Table 2). However, Salmonella serotype 
composition varied between areas. The prevalence of Salmonella enterica enteritidis 
showed between-area significant differences (GENMOD, χ2 = 23.2; d.f. = 2; P < 0.001), 
being less frequently found in AS than in the other two populations (GENMOD, AS vs. 
MA, χ2 = 11.6, d.f. = 1, P < 0.001; AS vs. BA, χ2 = 14.1, d.f. = 1, P < 0.001), but no 
differences were found between MA and BA (GENMOD, χ2 = 0.3; d.f. = 1; P = 0.871). 
In the case of Salmonella enterica typhimurium, we also found significant differences 
between areas (χ2 = 8.3, d.f. = 2, P = 0.016), being more frequent in MA than in the 
other two areas (GENMOD, MA vs. AS, χ2 = 5.61; d.f. = 1; P = 0.018; MA vs. BA, χ2 = 
6.8 d.f. = 1, P = 0.009), not significant differences were found between AS vs. BA 
(GENMOD, χ2 = 2.0 d.f. = 1, P = 0.154). S. e. ovis was only found in reptiles from BA, 
being the difference significant (GENMOD, BA vs. AS χ2 = 41.2, d.f. = 1, P < 0.001; 
BA vs. MA, χ2 = 11.7 d.f. = 1, P < 0.001). The remaining serotypes (Heidelberg, Hadar, 
Munchen, Newport, pomona, bovismorbificans and Virchow) were only found in 
reptiles from AS, while significant differences were only observed for S.e. pomona 
between (GENMOD, AS vs. MA χ2 = 4.7, d.f. = 1, P = 0.029; AS vs. BA χ2 = 5.5, d.f. = 
1, P = 0.019) and S. e. hadar between AS and BA (GENMOD, χ2 = 8.8, d.f. = 1, P = 
0.023). The remaining differences were not significant (all P > 0.17).   
Salmonella prevalence in kestrels  
Prevalence of Salmonella in kestrels is shown in Table 3. No significant differences 
were found in the total Salmonella prevalence between populations, nor between sexes 
and nor the interaction population*sex was significant (GLIM, all P > 0.11). Similarly, 
the prevalence was not significantly different between populations and sex in any of the 
recorded serotypes and nor the population*sex interactions were statistically significant 
(GLIM, all P > 0.5)       
In the case of fledglings, results revealed significant differences in the total 
Salmonella prevalence between populations (GLIMMIX, F = 11.4, d.f. = 2,635, P < 
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0.001). Fledglings from AS showed the highest prevalence (19.2 %), followed by BA 
(5.2 %) and no infection was found in fledglings from MA. These differences were due 
to the serotype S. e. enteritidis, as it was the only serotype showing significant between-
population differences (GLIMMIX, F = 7.6, d.f. = 2,634, P < 0.001). The rest of 
serotypes did not show significant differences (GLIMMIX, all P > 0.3). S. e. ovis was 
only found in BA and the remaining serotypes (Heidelberg, Hadar, Munchen, Newport, 
Pomona, bovismorbificans and Virchow) were only found in AS. 
 
DISCUSSION 
This study shows differences in kestrel diet among the three populations studied. 
Insects and micromammals are frequently consumed in the three populations (more than 
60% and 35% of the pellets had insect and mammal remains, respectively). Birds and 
amphibians are more consumed in MA and BA than in AS. However reptiles are 
markedly more consumed by kestrels from AS than from the other two populations. 
Reptiles are frequently found to be positive to Salmonella presence. In Spain (Briones et 
al. 2004), it has been reported high prevalences (more than 70 %) of Salmonella in 
reptile species. Our study corroborates the high prevalence of this bacterium in the 
reptile community by showing that about 78 % of the individuals carried Salmonella. 
The most abundant serotype found in reptiles was Salmonella enteritica enteritidis that 
also was the most frequently found in kestrels. This suggests that reptile consumption 
could be a good candidate to act as a mechanism of Salmonella transmission in kestrels, 
since the population that consume a higher proportion of reptiles (AS) also showed a 
higher prevalence of Salmonella in kestrel fledglings. 
This result is also supported by the fact that Salmonella carrying was only found 
in one Microtus arvalis out of 395 micromammals analysed (unpublished data). These 
micromammals, including Crocydura russula (n = 67), Microtus arvalis (n = 141) and 
Mus spp. (n = 144) and Rattus norvegicus (n = 43) are the main mammal species 
consumed by kestrels in the studied populations. In addition, no Salmonella positives 
were found in sampled amphibians from Spain (Briones et al. 2004). Salmonella 
carrying has been also observed in insect and birds (Daoust and Prescott 2007, Foley et 
al. 2008), however, insect consumption is similar in the three populations and bird 
consumption is higher in the two populations exhibiting lower Salmonella prevalence. 
However, we have to consider that our study is a correlational study and other 
environmental or physiological causes can be behind the high prevalence found in AS 
with respect to MA and BA populations.  Reasons that could be involved in the SA 
Salmonella high prevalence included those related to CA temperature dynamics that 
could imply higher Salmonella reptile persistence (with less defecation rate and 
Salmonella excretion) or Salmonella different environmental persistence ways in CA 
with respect to MA and BA, as have been studied by Murray, 1991, Davies and Wray 
1996 or Barber et al, 2002. These mechanisms never have been studied in wild reptile 
populations and could be the next step to study in this area. In relation with kestrels, the 
reasons involved could be the proximity between nests (less than 200m in most of the 
pairs), that could stress the pairs and the suboptimal altitude of this population that 
should need allocate for a proper immunological status more nutritional resources than 
the MA o BA populations that occupy a more suitable habitat.   
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 Even when the prevalence of Salmonella in adult kestrels is higher in AS it does 
not differ significantly from the other two populations. However, as commented above, 
it happens in fledglings, indicating that Salmonella infection does not vary parallel in 
adults and fledglings. Parents and offspring showed similar prevalences in AS 
population (19.6 % and 19.2 %, respectively), while in the other two populations, 
parents showed higher prevalence than offspring, even no Salmonella presence was 
found in fledglings from MA. This implies that parental transmission to offspring seems 
not to be an important way of transmission, because the main way is oro-fecal (Thomas 
et al, 2007), and parents usually defecate out of the nest (personal observations). But 
Salmonella can also be transmitted vertically from females to offspring through the egg, 
but this way of transmission never has been studied in wild birds. 
Although the common kestrel is considered a sedentary species in Spain 
(Martínez-Padilla 2006) some populations move around large regions before and after 
the breeding season. In the case of AS population, kestrels behave as partial migratory 
species as some individuals born in this population have been recaptured in Africa (data 
from the Bird Migratory Center, SEO/BirdLife) and only about 10% of individuals stay 
at the study area during winter (Fargallo 1999). For this reason, if vertical parent-
offspring transmission is not so evident, it is expected fledglings to reflect better than 
adults the environmental pathogenicity of a given population. This can explain the 
different patterns of Salmonella prevalence found in adults and fledglings. 
It is interesting to note that several Salmonella serovars found in the kestrels and 
reptiles are typical from the livestock present in the area. In AS, a region that exploit 
bovine livestock, both kestrels and reptiles carry Salmonella bovismorbificans. In BA, 
where ovine livestock is also raised we found Salmonella ovis, also in kestrels and 
reptiles. This two serovars were not found in the MA population, where no bovine and 
little ovine cattle is present. This suggests that Salmonella serovar can indicate the 
pathogen pollution potential of livestock practice in wildlife, an item that is increasingly 
cited but that it has been only demonstrated in Murray 1991 or Barber et al, 2002. 
In conclusion, we have described the Salmonellae community in three different 
populations of common kestrels and in three different communities of reptiles. We 
suggest a connection between the prevalence of Salmonella in kestrels and the 
proportion of reptiles in kestrel diet at a population level. This is deduced because the 
population consuming more reptiles also showed higher prevalence. However the 
differences were only statistically significant for fledglings, being these a better 
indicator of environmental pathogenicity than adults for a given population. Kestrels 
could be infected by ingestion of the reptile cloacal area or by intestinal contamination, 
as well as by Salmonella infected reptiles. Salmonellae have been considered as 
bacterial flora besides a reptile pathogen too, and several reports have shown clinical 
episodes in very different species, including captive (van der Walt  et al, 2000; Mitchel  
&Shane, 2000) or wild reptiles (Madsen et al, 1998; Bemis et al, 2007, Hidalgo-Villa et 
al, 2008). This duality comensal-pathogen could be also occur in kestrels, and they 
could be carriers or infected individuals depending of Salmonella serovar pathogenicity, 
the quantity of Salmonella ingested or the kestrel immunology status. 
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Table 1. Cast prey items in common kestrel pellets from the three studied areas 
 
 Campo 
Azálvaro 
(CA)* 
(n=841)  
Madrid(MA)
** 
 (n=355) 
Extremadura 
(EX)** 
(n=345) 
Insects 64% 81% 78% 
Amphibians 0% 8% 12% 
Reptiles 40% 17% 20% 
Birds 13% 68% 75% 
Micromammals 39% 60% 56% 
*Campoazálvaro was only sampled in 2005 and 2006 
**Madrid and Extremadura were sampled from 2004 to 2007 
All the zones were only sampled in June and July.
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Table 2. Number of reptiles and rodents sampled, number of positive individuals and Salmonella serotypes isolated from reptiles. 
 Campoazálvaro (AS)   
Rodents (n=208) (0.5%) 
East Madrid (MA)  
Rodents  (n=83)0.00% 
Tierra de Barros (BA) 
 Rodents (n=94) 0.00% 
 Great reptiles 
 
Small reptiles Great 
reptiles 
Small reptiles Great 
reptiles 
Small reptiles 
Number of sampled 
individuals (% of 
positive individuals 
to Salmonella) 
66/80 (82.5%) 83/106 (78.3%) 6/8 
(75%) 
7/9  
(77.78%) 
4/4 
(100%) 
12/16  
(75%) 
Reptile species Lacerta 
lepida 
(n=56) 
Lacerta 
schreiberi 
(n=21) 
Psammodromus  
hispanicus 
(n=82) 
Chalcides 
chalcides 
(n=24) 
Lacerta 
lepida 
(n=8) 
Psammodromus  
algirus 
(n=6) 
Podarcis 
hispanica 
(n=3) 
Lacerta 
lepida 
(n=4) 
Psammodromus  
algirus 
(n=12) 
Podarcis 
hispanica 
(n=4) 
enteritidis 17(30%) 9(49%)   4(50%) 3(50%) 3(100%) 3(75%) 9*(75%) 3*(75%) 
typhimurium 2(3.6%) 1(4.8%) 6(7.3%)  2(25%) 1(25%)     
Heidelberg 4(7.2%) 9(49%) 15(18%)        
Hadar 1(1.8%)  20(24%) 3(12%)       
Pomona 3(5.4%)  11(13%) 12(50%)       
Munchen  1(1.8%)  11(13%)        
Newport 2(3.6%)   3(12%)       
ovis        1(25%) 6*(50%) 2*(50%) 
bovismorbificans    1(4%)       
Virchow    1(4%)       
* More than one Salmonella per reptile 
**No Salmonella was isolated from any avian species 
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Table 3. Number of kestrels sampled, number of positive individuals and Salmonella 
serotypes isolated from fledgling and adult kestrels. 
 
 Campoazálvaro (AS) East Madrid (MA) Tierra de Barros (BA) 
 Adults Fledgings Adults Fledgings Adults Fledgings 
Number of sampled 
individuals (% of 
positive individuals to 
Salmonella) 
240 (19.58%) 536 (19.22%) 46 (6.52%) 131 (0.0%) 46 (15.21%) 194 (5.15) 
enteritidis 15 (6.52%) 33 (6.16%) 2 (4.34%) - 4 (8.69%) 5(2.06%) 
typhimurium 3 (1.25%) 8 (1.49%) 1 (2.17%) - - 3 (1.54%) 
Heidelberg 8 (3.33%) 16 (2.98%) - - - - 
Hadar 7 (2.92%) 19 (6.16%) - - - - 
Pomona 2 (0.83%) 4 (0.74%) - - - - 
Munchen  3 (1.25%) 2 (0.36%) - - - - 
Newport 7 (2.92%) 14 (2.61%) - - - - 
ovis - - - - 3 (6.52%) 2 (1.03%)  
bovismorbificans 1 (0.4%) 4 (0.74%) - - - - 
Virchow 1 (0.4%) 3 (0.6%) - - - - 
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